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f^his Manual has been prepared to provide an under- 
standing of the basic principles involved in the design 
and application of linear integrated circuits. It may be 
used as a guide by circuit and system designers in deter¬ 
mining optimum design specifications with regard to 
integrated-circuit capabilities and system requirements. 
Effects of the silicon monolithic fabrication process on 
circuit design are described, and design equations and per¬ 
formance criteria are derived for basic integrated-circuit 
configurations. Schematic diagrams, operating character¬ 
istics, and performance data are included for a broad 
family of multiple-function RCA silicon integrated circuits 
that can be adapted for use in a variety of linear applica¬ 
tions. 
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General Design Considerations 
for Linear Integrated Circuits 


design of linear circuits involves the selection and intercon- 
nection of an optimum combination of active and passive 
components to accomplish a signaLprocessing function with maxi¬ 
mum efficiency and minimum cost. This general rule is valid 
whether the components are conventional ones fabricated sepa¬ 
rately by a variety of processes or integrated components formed 
simultaneously by a single technology. The new design considera¬ 
tions introduced by the advent of integrated-circuit technology 
arise not from any differences in the fundamental electronic 
properties of the components individually, but from the technical 
and economic implications of simultaneous fabrication and inter¬ 
connection. This section describes the technology used for the 
fabrication of integrated circuits, and discusses the aspects that 
introduce factors not present when discrete components are used 
and their implications with regard to the design of linear circuits. 


INTEGRATED-CIRCUIT FABRICATION 

The fundamental requirement of an integrated circuit is that 
components be processed simultaneously from common materials. 
A variety of technologies can be used to satisfy this requirement. 
If a circuit function can be represented solely by linear reciprocal 
networks consisting of resistive and capacitive elements, any one 
of several thin-film technologies using such materials as tantalum, 
nichrome, or tin oxide can be used effectively. The use of more 
sophisticated thin-film techniques makes it possible to form active 
as well as passive components. A cadmium sulfide technology de¬ 
veloped by RCA is capable of fabricating both field-effect tran¬ 
sistors and passive components on a common substrate. 
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RCA Linear Integrated Circuit Fundamentals 


The technology presently used for achieving circuit integra¬ 
tion, however, is based not on thin-film approaches, but on the 
silicon planar technology developed for transistors. This technology 
has become dominant because of its ability to provide higher- 
quality active devices than any competing technology. 

The basic steps of the silicon process are shown in Figs. 1 
through 4. The starting material is a uniform single crystal of 
n-type or p-type silicon, as shown in Fig. 1. Diffusion processing 
techniques permit the introduction of impurities to desired depths 
and widths in the starting material. Vertical penetration of the 
impurities is controlled by the diffusion temperature and time, 
and lateral control of the diffusions is made possible by combina¬ 
tion of the masking properties of silicon dioxide with photo¬ 
chemical techniques. 

When localized n-type regions are diffused into p-type starting 
material, as shown in Fig. 2, isolated circuit nodes are achieved. 


UNIFORM 
SINGLE CRYSTAL 


n 


n 
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Fig. 1 — Silicon wafer used as Fig. 2 — Diffusion of n-type areas 
starting material for an integrated to provide isolated circuit nodes, 
circuit. 


The diodes formed by the p-type substrate and the n-type nodes 
accomplish electrical isolation between the nodes. Diffusion of 
additional p-type and n-type regions forms transistors, as shown 
in Fig. 3. The silicon wafer is then coated with an insulating oxide 
layer, and the oxide is opened selectively to permit metallization 
and interconnection, as shown in Fig. 4. When resistors are re¬ 
quired, the n-type emitter diffusion is omitted and two ohmic 
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Fig. 3 — Diffusion of additional 
p-type and n-type regions to form 
transistors. 
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Fig. 4 — Addition of metallized 
contacts to transistor elements. 







General Design Considerations 


5 


contacts are made to a p-type region formed simultaneously with 
the base diffusion, as shown in Fig. 5. When capacitors are re¬ 
quired, the oxide itself is used as a dielectric, as shown in Fig. 6. 
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Fig. 5 — Connection of contacts 
to p-type region to form integrated 
resistor. 
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Fig. 6 — Use of oxide as a dielec¬ 
tric to form integrated capacitor. 


Fig. 7 shows the combination of the three types of elements on a 
single wafer. 



Fig. 7 — Completed silicon chip 
containing transistor, resistor, and 
capacitor. 

COMPARISON OF DISCRETE AND INTEGRATED 
COMPONENTS 

Because the basic fabrication process for integrated circuits 
is almost identical with that used to fabricate transistors, tran¬ 
sistors formed by this technology are similar to discrete units. 
The major difference between discrete and integrated transistors 
is the extra capacitance associated with the substrate isolation 
diode. 

Integrated resistors, however, are significantly different from 
discrete versions. Discrete resistors are normally made in standard 
form factors, and different values are obtained by variations in the 
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RCA Linear Integrated Circuit Fundamentals 


resistivity of the material. In integrated circuits, the resistivity of 
the material cannot be varied to obtain different resistance values 
because it is determined by the optimum value required for the 
transistor base diffusion. The value of the resistor then depends 
primarily on its geometry. The resistor value R is determined by 
the product of its diffusion-determined sheet resistance Rs and the 
ratio of its length 1 to its width w (i.e., R = Rs X 1/w). As a 
result, large resistors are long and narrow and small resistors are 
short and squat. 

The value of an integrated capacitor C is equal to the product 
of its area A and the ratio of the dielectric constant E of the 
diffused material and the oxide thickness d (i.e., C = A X E/d). 
Because d is kept constant, capacitor values vary directly with 
area. 

COST FACTORS 

Most of the cost of fabricating a monolithic silicon circuit is 
incurred in processing the silicon wafers through the various epi¬ 
taxial, diffusion, and photochemistry operations. Because these 
costs are the same for any circuit wafer, the smaller the circuit, 
the more circuits that can be obtained per wafer and the lower 
the cost per circuit. Therefore, area minimization is an important 
consideration. The relative area requirements of different inte¬ 
grated components are as follows: 

Component Relative Area 

Transistor 1 

1000-ohm Resistor 2 

10-pF Capacitor 3 

These ratios are approximations that will be continually modified 
as technological advances are made. However, the basic relation¬ 
ships (that transistors use less area than resistors, which in turn 
are more compact than capacitors) will persist. Because area 
determines cost, these relationships indicate that economical 
integrated-circuit design requires minimization of the number of 
passive components. The requirement is exactly the reverse of 
the economic design rule for discrete-component circuits. 

TEMPERATURE CONSIDERATIONS 

One undesirable aspect of semiconductor resistors is their 
relatively large variation with temperature. This temperature de¬ 
pendence makes it difficult to achieve close tolerances on absolute 
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values of resistors. However, the ratios of integrated-circuit re¬ 
sistors can be closely controlled by control of the geometry of 
photolithographic masks used in the fabrication process. As a 
result, it is desirable that integrated-circuit design be made de¬ 
pendent on ratios rather than absolute values of resistors. 

Integrated transistors on the same circuit chip have a number 
of advantages over discrete units as a result of their proximity. 
Adjacent transistors receive almost identical processing and thus 
are closely matched in characteristics. Because of the close spacing, 
minimum temperature differences occur between components and 
this close match is maintained over a wide operating range. In 
addition, integrated circuits can contain many more transistors per 
given area than discrete components. In a typical high-frequency 
silicon transistor, less than 10 per cent of the wafer area is used 
by the active device. The remaining area serves as a support for 
the bonding pads and as a “handle” for the transistor. Six inte¬ 
grated transistors in a circuit would use less silicon than the single 
discrete transistor shown in Fig. 8. Therefore, integrated-circuit 



ACTIVE 

AREA 


Fig. 8 — Discrete-transistor chip. 


technology is most efficiently utilized when circuit designs are 
based on the use of a maximum number of matched active com¬ 
ponents. 


BASIC DESIGN RULES 

In summary, integrated-circuit technology offers the circuit 
designer a new approach to the synthesis of electronic functions. 
To use this approach most effectively, a designer should observe 
the following basic rules: 

(a) maximize the number of active components, 

(b) use resistor ratios rather than absolute values, 

(c) take advantage of matched component parameters. 
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Basic Configuration — 

The Differential Amplifier 


Tp IG. 9 shows the basic circuit configuration used for a broad 
line of multiple-function, all-monolithic-silicon integrated cir¬ 
cuits designed for a wide variety of linear analog applications at 
frequencies from dc into the vhf region. The configuration is 
basically that of a balanced differential amplifier in which the cur¬ 
rents to the emitter-coupled differential pair of transistors are 
supplied from a controlled source (i.e., a constant-current sink 
transistor). Temperature-compensating networks can be readily 



Fig. 9 — Schematic of the balanced differential amplifier used as the 
basic configuration for the linear integrated circuits. 


incorporated as an integral part of the controlled-source circuit 
to assure that the gain, the dc operating point, and other impor¬ 
tant characteristics vary as required over the temperature range 
from -55°C to +125°C. 
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In the selection of the basic configuration for linear integrated 
circuits, the differential amplifier was chosen over other possible 
circuits (e.g., a feedback pair) for the following reasons: 

1. Advantage can be taken of the exceptional balance be¬ 
tween the differential-amplifier inputs that results from 
the inherent match in base-to-emitter voltage and in short- 
circuit current gain of two transistors which are processed 
in exactly the same way and are located very close to 
each other on the same silicon chip. 

2. The differential-amplifier circuit requires a minimum 
number of capacitors. 

3. The use of large resistors can usually be avoided, and 
the gain of the circuit can be made a function of resist¬ 
ance ratios rather than of actual resistance values. 

4. The differential amplifier is much more versatile than 
other possible configurations. This circuit can provide 
linear amplification from dc through the audio and video 
frequencies into the vhf region, and may also be used for 
such functions as limiting, frequency multiplication, am¬ 
plitude modulation, mixing, product detection, signal 
generation, gain control, squelch, and temperature com¬ 
pensation. 

BASIC CHARACTERISTICS OF THE 
DIFFERENTIAL AMPLIFIER 

In the differential-amplifier circuit shown in Fig. 9, the sum 
of the emitter currents of the differential pair of transistors Qi 
and Q 2 must be equal to the total amount of current (lo) supplied 
to the constant-current sink, as shown by the application of Kirch- 
off’s second law at node e: 

lei + Ie2 = lo (1) 

The emitter-to-base voltages Vboi and Vbe 2 of the emitter-coupled 
transistors Oi and Q 2 are expressed as follows: 

Vbei = Vbi - Ve (2) 

Vbe2 = Vb2 - Ve (3) 

where Ve is the voltage at the node e and Vbi and Vb 2 are defined 
as indicated in Fig. 9. 

If the Ve term is eliminated in Eqs. (2) and (3), the follow¬ 
ing result is obtained: 

Vbj Vb2 Vbei Vbe2 


(4) 
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This latter equation defines the differential input voltage for the 
differential amplifier. 

Transfer Characteristics 

The familiar equations for the current relationships in a 
transistor and for the voltage across the base-emitter diode are 
employed in the derivation of the transfer characteristics of the 
differential-amplifier circuit. 

The basic transistor current relationships are expressed by 
the following equations which express the collector (Ic) and base 
(Ib) currents of transistors Qi and Q 2 in terms of their emitter 
current (le): 

Ici == 

Ic2 = «Ie2 ^ ^ 

Ibi = (1 lei /n\ 

Ib2 =(!-«) Ie2 

where alpha (a) is the fractional part of the emitter current that 
reaches the collector of the transistor. In this discussion, alpha is 
assumed to be the same for both transistors (Qi and Q 2 ) of the 
differential pair. 

The base-emitter diode equation relates the base-to-emitter 
voltage (Vbe) of a transistor to the emitter current (le) as follows: 

Y - 1 ) (7) 

where Is is the saturation current of the transistor, and h is de¬ 
fined by the ratio KT/q where K is Boltzmann’s constant, T is the 
temperature in degrees Kelvin, and q is the charge on an electron. 
At 300°K, a saturation current Is in the order of 0.2 X 10“^^ 
ampere is typical for some integrated-circuit transistors, and the 
factor h is approximately 26 millivolts. 

For emitter currents of 1 nanoampere or more, the —1 term 
in the bracketed expression of Eq. (7) becomes insignificant, and 
the equation can be rewritten for the integrated-circuit transistors 
Qi and Q 2 , respectively, as follows: 

lei = Isi exp (8) 

h 

T _ T 

±62 — As2 vJ-X-P 

h 


le = I3 ^exp 


( 9 ) 
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If the two transistors Qi and Q 2 are assumed to be identical, 
the following basic equalities can also be assumed: 

Isi Is2 Is 

ai — a2 = a ( 10 ) 

Ti = T2 = T 

On the basis of the relationships expressed by Eqs. (4) through 
(10), Eq. (1) can be rewritten as follows: 

lo = Is exp + Is exp 

h h 

= Is exp ^ (1 + exp ( 11 ) 

Eqs. (8) and (9) can then be rewritten to express the emitter 
currents lei and Ie 2 in terms of the total source current lo as 
follows: 


I 


ei 


1 + exp 



( 12 ) 


I 


e2 


1 + exp 



(13) 


The collector currents 1^ and Ic 2 , given by Eq. (5), may also be 
defined in terms of the current lo, as follows: 


Ici = 


alo 


1 + exp 


V^-Vi 


hi 


(14) 


cdo 


1 + exp 


Vbl - Vb2 


(15) 


The collector-current transfer curves defined by Eqs. (14) 
and (15) are shown in Fig. 10. In this figure, the abscissa repre¬ 
sents the differential input voltage Vbi — Vb 2 and is calibrated in 
units of the factor h = KT/q. The ordinate, which represents the 
collector current Ic, is calibrated in units of alo. 

When Vbi is equal to Vb 2 , the two transistors Qi and Q 2 are 
balanced, and one-half the total current lo flows through each 
transistor. This condition presents the usual operating point for 
an analog differential amplifier. 
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The transfer curves shown in Fig. 10 provide several im¬ 
portant points of information about the differential amplifier: 

1. The transfer characteristics are linear in a region about 
the operating point. For the curves shown (KT/q 26 
millivolts), this linear region corresponds to an input- 
voltage swing of approximately 50 millivolts peak-to- 
peak. 

2. The maximum slope of the curves, which occurs at the 
operating point, defines the effective transconductance of 
the differential amplifier. 

3. The slope of the transfer curves (i.e., the transconduct¬ 
ance) is dependent upon the value of the total current 
lo supplied to the constant-current sink. The slope of the 



-10 -8 -6 -4 -2 0 2 4 6 8 10 

DIFFERENTIAL INPUT VOLTAGE (Vt.-Vb^)- 

KT/q UNITS 


Fig. 10 — Transfer characteristics of the basic differential-amplifier 

circuit. 


transfer curves can be changed, without changing the 
linear input region, by varying the value of lo. This re¬ 
lationship implies that automatic gain control is inherent 
in the differential amplifier when the current lo is con¬ 
trolled. 

4. The transfer characteristics and the slopes of these char¬ 
acteristics are a function of the alpha of the transistors 
and of the temperature, both of which are predictable, 
and of two physical constants. 

5. The differential amplifier is a natural limiter; when input 
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excursions exceed ±4KT/q (approximately ±100 
millivolts for the curves shown), no further increase in 
the output is obtained. 

6. The output current of an amplifier is the product of the 
input voltage and the transconductance. In the differen¬ 
tial amplifier, the transconductance is proportional to the 
controlled current lo; this circuit, therefore, may be used 
for mixing, frequency multiplication, modulation, or 
product detection when the current lo is made a multipli¬ 
cand and the input waveform is the multiplier. 


Transconductance Characteristics 


As mentioned in the preceding paragraph, the slope of either 
of the transfer curves shown in Fig. 10 defines the transconduct¬ 
ance of the differential amplifier. The transfer equation [Eq. (14) 
or Eq. (15)] can be differentiated, therefore, to obtain the gen¬ 
eral equation for the transconductance gm as a function of the in¬ 
put voltage Vbi — Vb 2 . The following result is obtained: 


Iq Ob 

dob , eb\2 

V + it) 


(16) 


where eb represents Vb^ — Vb 2 and h is again equal to KT/q. 

When the transconductance is evaluated at the operating 
point (eb = 0), Eq. (16) reduces to 


qo^Io 
^ 4KT 


(17) 


Eq. (17) reveals that, for the same value of source current 
lo, the effective transconductance of the differential amplifier is 
one-fourth that of a single transistor. This condition results from 
the fact that, at the operating point, exactly one-half of the total 
current lo flows through each transistor of the differential pair 
and the input voltage must be divided equally between the two 
transistors. 

When the differential amplifier is operated to provide 
double-ended outputs so that the output voltage is measured be¬ 
tween the collectors of the differential pair of transistors, the out¬ 
put currents through the load impedance contribute equally to 
the output voltage from each transistor. As a result, the output 
voltage is twice that obtained for single-ended operation. This 
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increase in output voltage results because the load impedance 
is doubled, not because of any doubling of the transconductance. 
However, if an impedance is connected between the two collectors 
and the shunt collector-feed resistors are large compared to this 
load impedance, the load current is twice as large as can be ex¬ 
pected from a single-ended circuit. This condition indicates an 
apparent effective transconductance, gm(app)> for the double-ended 
circuit which is expressed by the following equation: 


gm (app) 


qalo 

2KT 


(18) 


Effect of Emitter Resistors 

Fig. 11 shows a curve of transconductance as a function of 
differential input voltage Vbi — Vb 2 as obtained from Eq. (16). 
A study of this curve indicates that it may be desirable to increase 



DIFFERENTIAL INPUT VOLTAGE (Vb)-Vb2)-KT/q UNITS 

Fig. 11 — Transconductance of the basic differential amplifier as a 
function of the differential input voltage. 

the range of linearity of the transconductance and, thus, suggests 
the use of emitter degeneration. Fig. 12 shows the basic differen¬ 
tial amplifier with two identical emitter resistors (Re) added. 
The degeneration introduced by the emitter resistors reduces the 
gain (transconductance) of the differential pair of transistors, but 
it also increases the linearity of both the transfer characteristics 
and the transconductance. 

The combination of the nonlinear circuit characteristics and 
the linear emitter resistors does not lend itself immediately to a 
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facile mathematical solution. A new transfer curve, which is a 
function of the actual level of the current lo and the value of the 
emitter resistance R^, can be constructed more easily by graphical 



Fig. 12 — Schematic of the basic differential amplifier in which 
emitter degeneration is employed. 


techniques. The new transfer curve, shown in Fig. 13, is obtained 
from the addition, at a constant current, of the original differen¬ 
tial-amplifier voltage drop and the voltage drop across the emitter 
resistor. 

When the effects of two equal emitter resistors (used as 
shown in Fig. 12) are considered, it is apparent that the differen¬ 
tial input voltage must include the ohmic differential voltage drop 
across the two resistors. This ohmic voltage-drop component, 
Viiei — Viieo, can be expressed as follows: 

Vrci — VRe2 = loi Rc — Ie2 Re (19) 

If the relationship expressed by Eq. (1) is used, Eq. (19) becomes 

VRei - VRe2 = ( 2 ^, - lo) Re ( 20 ) 

or 

VRei - VRe2 =- (lo - 2Ie2) Re ( 21 ) 

Eq. (20), which expresses the ohmic differential voltage drop 
in terms of the emitter current of transistor Qi, may be rewritten 
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to express this voltage drop in terms of the transistor collector 
current, as follows: 

VRei - VRe2 = - lo) Re ( 22 ) 

where Id is defined as indicated in Eq. (5): 

Eq. (22) is represented graphically by the straight line in 
Fig. 13, which gives the IR drop as a function of the differential 
input voltage for the circuit shown in Fig. 12 at a constant current 
lo of 2 milliamperes. 

When emitter resistors are used, therefore, the new transfer 
characteristics for a differential amplifier can be determined for 
any given value of the current lo by addition of the voltage drops 
of the differential amplifier to those of the emitter resistors. Thus, 
at the current value P in Fig. 13, the voltage drop across the dif¬ 
ferential pair of transistors is PQ and that across the emitter 



DIFFERENTIAL INPUT VOLTAGE (Vb|-Vb 2 ) —KT/q UNITS 

Fig. 13 — Effect of emitter degeneration on the transfer characteristics 
of the basic differential amplifier. 

resistors is PS. The point on the combined transfer curve that cor¬ 
responds to these conditions is PQ -f PS = PT. 

This simple graphical addition of voltages at various current 
levels suggests a mathematical approach that may be used to de- 





Differential-Amplifier Configuration 


17 


termine the effects that the degeneration introduced by emitter 
resistors has on transconductance. In this approach, the transistor 
current relationship given by Eq. (13) or Eq. (14) is first solved 
for the differential input voltage Vbi — Vb 2 . In this inverted form, 
Eq. (14) becomes 



This expression for Vb^ — Vb 2 , however, does not include the 
ohmic differential voltage drop across the emitter resistors. When 
this voltage Vnei ~ ^iie 2 ? ns given by Eq. (22), is added, the equa¬ 
tion for Vbi — Vb 2 becomes 

Vbi - Vb 2 = -h In - l) + “ 1“) ^23) 

The derivative of Eq. (23) is then taken to obtain the following 
relationship: 

d(Vbi ^b2) _ _ / Ici \ I 2Re (24) 

diei VlciV \alo -V a 

At the operating point (Ti = ceIo/2), Eq. (24) reduces to 


d(Vbi - Vb2) _ dh ^ ^ 

die lo CL qlo ^ 


( 25 ) 


The reciprocal of this derivative is the effective transconductance, 
gm', of the differential amplifier when emitter resistors are used, 
as given by 


1 _ 

i_ ^ 2R^ + 2Regnx 

gm OL 


( 26 ) 


where gm is the transconductance of the basic differential ampli¬ 
fier at the operating point, as defined by Eq. (17). 

Because a is approximately unity, Eq. (26) is usually simpli¬ 
fied to the following form: 


gir 


1 + 2Regn 


( 27 ) 


For a differential amplifier having an original transconductance 
(gm) of 20 X 10'"^ micromhos, as would be expected for a current 
lo of 2 milliamperes, the effective transconductance (gm') be¬ 
comes approximately one-third the original value when emitter re¬ 
sistors (Re) of 50 ohms are used. 
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The transconductance curves for a differential amplifier which 
employs emitter degeneration may be constructed as follows: 
First, the reciprocal of Eq. (24) is taken to obtain the trans¬ 
conductance as a function of the current. The differential input 
voltage that corresponds to the current is then obtained from 
Eq. (23). Fig. 14 shows transconductance curves constructed 
in this manner for the differential amplifier shown in Fig. 12. 
These curves show the variation in transconductance as a func¬ 
tion of the differential input voltage for emitter resistors (Re) of 
50 ohms and of 100 ohms. For comparison, the normalized trans¬ 
conductance of the circuit when no emitter resistors are used is 
also shown on the same scale. 

The increased linearity of the transconductance characteris¬ 
tic that results from the degeneration introduced by the emitter 



Fig. 14 — Effect of emitter degeneration on the transconductance of 
the basic differential amplifier. 


resistors is evident from the curves shown in Fig. 14. This in¬ 
creased linearity, however, is accompanied by a reduction in the 
absolute value of the transconductance. As mentioned previously, 
the use of 50-ohm emitter resistors reduces the absolute value 
of transconductance to one-third the original value (for an lo of 
2 milliamperes). The use of 100-ohm emitter resistors further 
reduces the transconductance by approximately 40 per cent. 

The preceding discussion has shown that the introduction of 
emitter degeneration decreases the slope of the transfer character¬ 
istics (results in a more linear transconductance) and reduces the 
sharpness of the cutoff “knee.” As a result of these factors, a 
higher input voltage is required to produce distortion or limiting 
in the differential amplifiers when emitter resistors are used. 
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Experimental confirmation of the change in transfer charac¬ 
teristics that results from the use of emitter resistors is provided 
by the calculated and measured data shown in Fig. 15. The co¬ 
ordinate plane on the right shows one-half of the transfer curves 
obtained when no external emitter resistors are used. The co- 
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Fig. 15 — DC characteristics of the basic differential amplifier with 
and without emitter degeneration for a source current lo of 2.1 
milliamperes. 

ordinate plane on the left shows one-half the transfer curves ob¬ 
tained when emitter resistors having a nominal value of 50 ohms 
are included in the differential amplifier. 

The theoretical (calculated) curves shown in Fig. 15 are 
graphical representations of Eqs. (14) and (23). The small dif¬ 
ferences between the measured and theoretical curves can be at¬ 
tributed to the few ohms of emitter-contact and bulk resistance 
inherent in the transistor. The exact amount of this emitter re¬ 
sistance can best be calculated from measured transconductance 
curves since measurements of slopes on curves such as those 
shown in Fig. 15 are not highly accurate. 

The effect of the absolute value of the total current lo on the 
transfer and transconductance characteristics, when a fixed-value 
emitter resistor is used, is also an important consideration in the 
differential-amplifier integrated circuit. This effect is illustrated 
in Fig. 16, which shows the dc transfer characteristics at a current 
lo of 0.188 milliampere, rather than at an lo of 2.1 milliamperes 
as shown in Fig. 15. 
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At the lower current level, the transfer characteristics of the 
differential-amplifier transistors are not greatly altered by the use 
of the 50-ohm emitter resistors (Re). At this current, the internal 
diffusion resistance (re) of each transistor is in the order of 260 
ohms, and the 50-ohm emitter resistors (Re) are relatively small 



Fig. 16 — DC characteristics of the basic differential amplifier with 
and without emitter degeneration for a source current lo of 0.188 
milliampere. 


in comparison. Eq. (23) shows that when the voltage drop across 
the differential pair of transistors (as represented by the first term 
of the equation) is equal to KT/q, the total input voltage drop 
across each resistor Re (as given by the second term of the equa¬ 
tion) is 0.28 KT/q for an lo of 0.188 milliampere and 3.1 KT/q 
for an lo of 2.1 milliamperes. This behavior suggests that, when 
gain control is provided by variations in the value of lo, the signal¬ 
handling capability of the differential amplifier can be extended 
at maximum gain by the use of emitter resistors. As the current 
lo (and consequently the circuit gain) is reduced, however, the 
increase in signal-handling capability gradually disappears be¬ 
cause the effect of the emitter resistors Re becomes relatively in¬ 
significant compared to that of the internal diffusion resistance re 
of the transistors. 

The family of curves shown in Fig. 17 illustrates the effect 
of emitter resistors on the transconductance at various current 
levels. Because of the inherent symmetry of the differential am¬ 
plifier for positive and negative input signals, the same graph can 
be used to show the transconductance as a function of the input 
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voltage for operation of the circuit at many dilferent current 
values, with and without emitter resistors. The curves in Fig. 17 
also show that the effects of a fixed-value emitter resistor become 
more pronounced, in relation to both the reduction in gain and 



DIFFERENTIAL INPUT VOLTAGE-MILLIVOLTS 


Fig. 17 — Transconductance of the basic differential amplifier as a 
function of differential input voltage for operation with and without 
emitter degeneration. 

the increase in linearity, as the current is increased. The experi¬ 
mental curves shown in Fig. 17 are in agreement with the theory 
presented thus far provided that the following postulations are 
used in the theoretical calculations: 
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1. The total of the effective emitter-contact and bulk re¬ 
sistance, re, inherent in each transistor of the differential 
pair is assumed to be 3 ohms.* 

2. The actual value of each diffused emitter resistor Re is 
59 ohms, rather than the nominal value of 50 ohms used 
previously. 

3. A leakage current of approximately 12 microamperes is 
assumed.** 


When the inherent effective emitter resistance of the transistors 
is assumed to be 3 ohms, the measured transconductance curves 
shown on the right coordinate plane in Fig. 17 coincide (within 
the limits of experimental error) with theoretical curves calcu¬ 
lated from Eqs. (17) and (27), except when the total alo is 
equal to or less than 1 milliampere. At these low current levels, 
the theoretical curves must be corrected to compensate for leak¬ 
age effects. The leakage current of 12 microamperes is subtracted 
from the nominal value of alo, and the theoretical transconductance 
values are thus decreased. 

For the left coordinate plane, coincidence between theoretical 
and experimental curves requires that a value of 62 ohms be 
used in Eq. (27) for the emitter resistor Re. When the effective 
internal emitter resistance of 3 ohms is subtracted from this 
value, the actual value of the external diffused emitter resistors is 
shown to be 59 ohms, as postulated above. 

The excellent correlation of the theoretical assumptions with 
the actual measured data suggests that a more rigorous equation 
for the transconductance can be derived. 

As can be determined from Fig. 12, the total voltage drop 
from base to base of the differential pair of transistors Qi and Q 2 
may be expressed as follows: 


Vbi — Vb2 = Vbei + lei Re “ Ie2 Re “ Vbe2 (28) 


"^The emitter resistance re is the sum of the emitter-contact and bulk re¬ 
sistance and the effective base resistance referred to the emitter, {1 — a)rb. 
For the transistors in question, the resistance re consists of about 2 ohms 
of emitter resistance and 1 ohm of effective base resistance. 

** This leakage-current value of 12 microamperes was based on experi¬ 
mental data obtained on early units. Tests on recent units indicate that 
processing improvements have substantially reduced the leakage in linear 
integrated circuits. 
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In a balanced circuit, the emitter-to-base voltages of transistors 
Qi and Q 2 are given by Eqs. (29) and (30), respectively: 

T\T T 

Vbel = (1 - a) lei r^' + — In ^ + le, Tee (29) 

^ Is 


KT T 

V„e 2 =(!-«) lej Tb' + — In ^ + Ie 2 Pee (30) 

^ Is 

where ib is the internal base resistance, rec is the internal emitter- 
contact resistance, and the following matching equalities are as¬ 
sumed: 

Is ~ Isi “ Is2 


a — ai = a2 

Yh = Tb/ = rb2' (31) 


rec reel 
He — Hei 


rec2 
= Re2 


(The effects of the offsets that result from an unbalance in any of 
the matching parameters are analyzed in the next section.) 

The relationships expressed by Eqs. (28), (29), and (30), 
together with those given by Eqs. (1), (5), and (6), are used to 
obtain equations for the transconductance in terms of the collector 
currents I^ and Ic 2 of transistors Qi and Q 2 , respectively, as 
follows: 


V- 


bi 


Vb 2 — [(1 «) rb^ + rec + Re 


(" - ■•) 


+ hln - 

UjIo Ici 


(32) 


Vb, - Vb 2 = [(1 - a) Pb' + Pec + Re] (^lo - 

+ h In ( 33 ) 

Ic2 

Eqs. (32) and (33) are differentiated, and the results are evalu¬ 
ated at the operating point (at Id = Ic 2 = aIo/2) to obtain the 
following relationships: 


d(Vbi — Vb 2 ) _ 2(1 - a) Yy,' (rec + Re) 2 

dici « « alo 


(34) 


d(Vbi - Vb2) 
dlc2 


2(1 — a) Tb' (rec + Re) 2 4h 


a 


q:Io 


a 


( 35 ) 
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Eqs. (34) and (35) are inverted to obtain the required equa¬ 
tions for the transconductance of transistors Qi and Q 2 , respec¬ 
tively, as follows: 


Smi — 


diei 

d(Vbi - Vb2) 


a 

2(1 — a) Fb' + 2(rg^. + Re) + 4h/Io 


(36) 


Sni2 ~ 


_ dlc2 _ 

ci(Vbi - Vb2) 


—a: 

2(1 — a) Fb' + 2 (Fee + Re) + 4h/Io 


(37) 


The negative sign of Eq. 37 reflects the negative slope, shown 
in Fig. 10, of the transfer characteristic for Ic 2 . 


OFFSETS IN THE DIFFERENTIAL-AMPLIFIER 
INTEGRATED CIRCUITS 

In the preceding analyses, it has been assumed that the param¬ 
eters of the pair of transistors in the differential-amplifier inte¬ 
grated dreuits are perfectly matched. In general, this assumption 
is justified because, although finite differences in the parameters 
exist, they are usually negligible. Nevertheless, variations in the 
amount of the differences from unit to unit result in a statistical 
distribution, and practical production limits on the allowable de¬ 
viations in corresponding parameters of the differential pair of 
transistors must be established. It is convenient to evaluate the 
effects of circuit and device unbalances in terms of a quantity, 
referred to as offset, which is a measure of the total accumulative 
unbalances. 

Offset Evaluation Techniques 

The amount of offset in a differential amplifier can be de¬ 
termined by output-voltage offset measurements, by input-voltage 
offset measurements, or by input-current offset measurements. 
Each of these basic measurement techniques is straightforward 
and provides accurate results when employed at low frequencies. 
The measurements may also be used to determine the offset in 
cascaded differential amplifiers and in operational amplifiers. 

Output-Voltage Offset Measurements — An offset in the 
differential-amplifier circuit is indicated by a difference in poten¬ 
tial between the two outputs (Vo^ and V 02 , as defined in Fig. 12) 
of the transistors when there is no signal applied to the input of 
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either transistor. This type of offset is a measure of any unbalance 
caused by the flow of base currents from the differential pair of 
transistors Qi and Q 2 through the two external base resistors to 
ground. Under these conditions, the voltages Vb^ and Vb 2 are both 
unequal to zero; an offset exists if these voltages are also unequal 
to each other (i.e., if Vbi — Vb 2 0). 

A common method used to determine the offset at the output 
is to reduce the two base resistors to zero. This effect is achieved 
when the inputs of the transistors Qi and Q 2 are shorted to ground. 
The output offset determined in this manner is restricted in that 
unbalances caused by unequal base currents (betas) or by un¬ 
equal external base resistors are excluded. All other unbalances, 
however, are included in the measurement. 

Input-Voltage Offset Measurements — An offset voltage re¬ 
ferred to the input is simply the differential output offset voltage 
divided by the double-ended voltage gain of the circuit. This defi¬ 
nition indicates a convenient method that may be used to meas¬ 
ure the offset. In this method, a voltage is applied to one input of 
the differential amplifier and is varied until the differential output 
voltage Voi — V 02 is reduced to zero. The value of the input volt¬ 
age is then the offset voltage referred to the input. 

Input-Current Offset Measurements — The offset in a dif¬ 
ferential amplifier can also be determined by the amount of cur¬ 
rent that must be introduced at one input to obtain a differential 
output voltage equal to zero. This type of measurement, together 
with the output offset measurement in which the inputs of the 
circuit are shorted to ground, tends to segregate unbalances in 
base currents (betas) and in the input base resistors. 


Dependence of Offset on Base-to-Emitter Voltages 

Offsets in the differential-amplifier integrated circuits can, in 
general, be attributed to three basic types of device or circuit 
unbalances: 

1. Differences in the base-to-emitter voltage Vbe and in the 
beta of the differential pair of transistors because of ini¬ 
tial deviations in the geometry or the diffusion-concentra¬ 
tion profiles of the transistors; 

2. Differences in the Vbe, the beta, or the internal resistances 
of the transistors that result from finite variations in 
thermal resistance or heat flow paths; 
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3. Differences in the values of resistors used in the collector, 
base, or emitter leads of the two transistors. 


In the following discussion, the base-to-emitter voltage is 
analyzed to show the functional dependence of this quantity on 
the transistor parameters and on temperature. An expression for 
the differential-amplifier offset in terms of Vbe is then derived, 
and the relative effects of differences in the various parameters 
of the differential pair of transistors and in the emitter resistors of 
these transistors on the offset are evaluated. The effects of tem¬ 
perature on the offset are also discussed. 

Analysis of the Base-to-Emifter Voltage — The voltage be¬ 
tween the base and emitter leads of a transistor, Vbe, includes the 
fundamental voltage drop across the emitter-base junction, as given 
by the diode equation [Eq. (7)], together with the voltage drops 
that are produced by the flow of base current through the intrinsic 
base resistance rb and by the flow of emitter current through the 
emitter-contact and bulk resistance rec- Vbe can be expressed in 
terms of these voltage drops, as follows: 


Vbe = (— In + leree + le (1 - Oc) Tb' (38) 

\ Ig/ 

The emitter-contact and bulk resistance rec should not be 
confused with the diffusion resistance r^ which is given by the 
familiar T-circuit representation as follows: 


KT 

^ “T 

qle 


(39) 


The voltage drop across the diffusion resistance re is included in 
the logarithmic term of Eq. (38). 

The voltage Vbe is obviously a nonlinear function of the 
transistor current and, therefore, cannot be represented properly 
by any lumped-constant linear equivalent circuit. Eq. (38), which 
contains no approximation, provides the best means for the cal¬ 
culation of this voltage. 

The bulk saturation current Is is best determined from a 
measured curve at an emitter current which is low enough so that 
the voltage drops across the internal resistances (rb and rec) of 
the transistor are negligible. Fig. 18 shows curves of Vbe as a 
function of temperature at various emitter currents for a typical 
integrated-circuit transistor. This transistor has an intrinsic base 
resistance rb of 40 ohms, an emitter-contact and bulk resistance 
Tec of approximately 3 ohms, and a beta of about 50. The Vbe 
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curve obtained at an emitter current of 100 microamperes can 
be used satisfactorily in the determination of the current Ig. 

At an emitter current of 100 microamperes, the base cur¬ 
rent of the transistor is about 2 microamperes. The resultant volt¬ 
age drop produced across the intrinsic base resistance rb then is 
about 0.08 millivolt. At this level of emitter current, the voltage 



Fig. 18 — Effect of temperature and emitter current on the base-to- 
emitter voltage of an integrated-circuit transistor. 

drop across the emitter-contact and bulk resistance rec is approxi¬ 
mately 0.3 millivolt. Thus, at 100 microamperes of emitter cur¬ 
rent, the total voltage drop (approximately 0.38 millivolt) across 
the internal resistances of the transistor is negligible, and the 
measured value obtained for V^e can be attributed almost entirely 
to the logarithmic term in Eq. (38). 

Fig. 18 shows that Vbe is 0.7 volt for an emitter current of 
100 microamperes and a temperature of 20When the values 
of transistor parameters given by these conditions are substi¬ 
tuted in Eq. (8), the following result can be obtained: 


h 

Is 


700 

exp — = 5 X 10“ 
26 


Is = 0.2 X 10~^® ampere 
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For each decade change in the emitter current, the logarith¬ 
mic component of the base-to-emitter voltage Vbe changes by an 
amount equal to KT/q In 10, or 60 millivolts at 300°K. Fig. 18 
shows, however, that the Vbe curve for an emitter current of 1 
milliampere is shifted 65 millivolts upward from the Vbe curve 
obtained at 100 microamperes. The additional 5 millivolts of 
change is exactly equal to the voltage drop developed across the 
internal resistances of the transistor at the 1-milliampere level. For 
an emitter current of 5 milliamperes, the sum of the voltage drops 
across the internal resistances is in the order of 19 millivolts, and 
the logarithmic component of Vbe is increased from the value ob¬ 
tained at 1 milliampere of emitter current by an amount equal 
to KT/q In 5, or 42 millivolts at 300°K. These results show 
that the base-to-emitter voltage Vbe is largely dependent upon the 
bulk saturation current Ig. At a given temperature, this current, 
in turn, is a function of the geometry of the base-emitter junction 
and the diffusion-concentration profile. 

The curves in Fig. 18 also show that the dependence of the 
base-to-emitter voltage on temperature is varied by a change in 
the level of emitter current. The variation in Vbe with tempera¬ 
ture changes from —1.6 millivolts per °C at low emitter currents 
(0.1 miliampere or less) to 1.3 millivolts per °C at 5 milliamperes 
of emitter current. This reduction in the negative temperature co¬ 
efficient of Vbe with an increase in emitter current is a result of 
the positive temperature coefficient of the transistor resistors. 

Relative Effects of Various Circuit and Device Unbalances — 
The relative effects of differences in various transistor parameters 
and in emitter resistors on the offsets in the differential-amplifier 
integrated circuit can be evaluated on the basis of the preceding 
discussion of transistor base-to-emitter voltage. For this evalua¬ 
tion, an equation for offset voltage in terms of the various circuit 
and device parameters is derived for the differential-amplifier 
circuit shown in Fig. 12 so that the effects of an unbalance be¬ 
tween corresponding parameters on the offset voltage can be 
readily determined. 

In the offset-voltage derivation, the base currents Ibi and 
Ib 2 are assumed to enter the bases of the differential pair of tran¬ 
sistors Qi and Q 2 through external base resistors Rb^ and Rb 2 , 
respectively, from the ground reference. Kirchoff’s first law then 
dictates that the sum of the voltage drops from the ground refer¬ 
ence across Rbi, the base-emitter junction of transistor Qi, the 
two equal emitter resistors Rei and Reg, the base-emitter junction 
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of transistor Q 2 , Rb 2 J and back to the ground reference must be 
zero. This summation may be expressed as follows: 

Ibi Rbi “f" ^bei lei Rei Ie2 Re2 Vbe2 Ib2 Rb2 b (40) 
Eq. (40) may be rewritten as follows: 

(l—ai) leRbi "b lei Rei + Vbei = '( 1 —^2) Ie2 Rb2 

+ Ie2Re2 + Vbe2 (41) 

This equation is then solved for Ei to obtain 

j _ Ie2 Rb2 (1 ^ 2 ) ~b Re2 | Vbe2 Vbei (42) 

Rbi (1 — ^ 2 ) “b Rei Rbi (1 — Q^l) + Rei 
In Eq. (42), the voltage drops across the intrinsic emitter 
and base resistances (rec and rb) need not be explicitly expressed 
because these voltage drops are implied in the Vbe 2 — Vbei term. 
Alternatively, if the Vbe 2 ~ Vbei term is used to represent the 
purely logarithmic component of the base-to-emitter voltage, the 
voltage drops across the intrinsic resistances, when they are 
significant, can be lumped with the external resistors. 

The current-transfer relationships given by Eq. (5) are used 
to rewrite Eq. (42) in terms of the collector currents and Ic 2 
of transistors Qi and Q 2 , respectively, as follows: 


hi 

ai 


Ic2 Rb2 (1 0 ^ 2 ) "b Re2 | _ Vbe2 Vbei _ 

^2 _Rbi (1 — Oil) + Rei- Rbi (1 “ ^l^l) + Rei 


(43) 


Eq. (41) may also be written in terms of the common-emitter 
current gain, i.e., the transistor beta (^), when the following 
relationships are employed: 


0 = 



(44) 


^ + 1 


The resultant equation is given by 


(45) 


I = — r ^t)i + {^2 + 1) Re2 l j ^ (Vbe2 •— Vbei) 

^2 LRbi + (^1 + 1) ReiJ * Rbi + (^1 + 1) Rei 

As stated previously, an offset in a differential-amplifier cir¬ 
cuit is indicated by a difference in the collector outputs of the 
differential pair of transistors. This offset-voltage difference is 
given by the following equation: 

Voi V 02 ~ Ic2 Rc 2 Ici Rci 


(47) 
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where Voj and V 02 are the collector outputs of the differential- 
amplifier transistors Qi and Q 2 , respectively, and and Reg are 
the collector load resistors for these transistors. 

The effects on the offset of differences in corresponding 
parameters of the differential pair of transistors Qi and Q 2 can 
be approximated by examination of Eqs. (43), (46), and (47) 
when such differences are introduced. In such examinations, dif¬ 
ferences in only one set of parameters are allowed at any given 
time, and the effects of these differences on the offset are noted. 

In the evaluations, Rej and Re 2 are used to denote the total 
of the extrinsic and intrinsic emitter resistance, and Rb^ and Rb 2 
are used to denote the total of the extrinsic and intrinsic base 
resistance. The following initial assumptions are also made for 
a perfectly balanced differential amplifier: 


Rei = Re 2 = 50 ohms extrinsic -f 3 ohms intrinsic 
Rbi = Rb 2 = 40 ohms intrinsic + 0, 1000, or 10,000 ohms 
extrinsic 

Rci = Rc 2 = 1000 ohms 
lei = Ie 2 ^ 1 milliampere 
- ^2 - 60 


Figs. 19 to 25 show the effects on the offset of differences in 
corresponding pairs of the various parameters as calculated from 
Eqs. (46) and (47). Because these calculations all result in 
straight-line curves, the effects of the various unbalances can be 
readily compared by the graphic presentation. The effect of un¬ 
balanced conditions other than those shown, such as differences 
in collector resistors, may also be compared by the use of these 
simple graphic techniques. 

Fig. 19 shows the effects on offset of unequal betas. Curves 
are shown for an external base resistance of zero and for transistor 
betas in the range of 20, 60, and 100. These curves represent the 
first term of Eq. (46). 

Fig. 20 shows the effect of different values of base resistances 
(Rbi = Rb 2 ) on the offset when the betas of the differential-ampli¬ 
fier transistors are unequal. The curves in this figure show that 
a serious increase in the offset occurs when the external base re¬ 
sistances are significantly larger than the nominal value. Figs. 21 
and 22, however, indicate that the use of larger external base re¬ 
sistances reduces the offset that is produced when the betas are 
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BETA RATIO 


Fig. 19 — Effect of absolute values and ratios of the betas of the 
differential pair of transistors on the output offset voltage. 



BETA RATIO 

Fig. 20 — Output offset voltage as a function of the beta ratio of the 
differential pair of transistors for several values of external base 

resistors. 
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Fig. 21 — Output offset voltage as a function of the emitter-resistor 
ratio of the differential pair of transistors for several values of 
external base resistors. 



BASE-TO-EMITTER VOLTAGE DIFFERENCE (Vbe2-'Vbe|)—mV 

Fig. 22 — Output offset voltage as a function of the difference in the 
base-to-emitter voltage of the differential pair of transistors for several 
values of external base resistors. 
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the same and a difference exists between the emitter resistors or 
the base-to-emitter voltages. 

Fig. 23 shows that the offset that results from differences 
in the emitter resistors is increased by the use of larger emitter 
resistors. Fig. 24 shows that the offset caused by differences in 



Fig. 23 — Effect of absolute values and ratios of the emitter resistors 
of the differential pair of transistors on the output offset voltage. 


the Vbe of the differential pair of transistors is reduced by the 
use of emitter resistors. 

Fig. 25 shows the offset as a function of differences in the 
base-to-emitter voltages of the transistors for transistor betas 
(Pi = P 2 ) of 20, 60, and 100. The curves in this figure, which 
represent the second term in Eq. (46), indicate that the effects 
of the absolute values of the betas on this term are the opposite 
of those on the first term, as shown in Fig. 19. 

Effects of Temperature — Each parameter in Eqs. (46) and 
(47) is dependent to some extent on temperature, even though 
this dependence cannot be readily expressed as a straightforward 
mathematical relationship. An analytical expression of the offset 
as a function of temperature is, therefore, of small practical value. 
It is more meaningful to relate the offset to temperature-caused 
differences in the values of the base-to-emitter voltages, betas, or 
resistances of the differential-amplifier transistors. 

One of the main advantages of differential-amplifier integrated 
circuits is that each component for a given transistor is physically 
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BASE-TO-EMITTER VOLTAGE DIFFERENCE (Vbe2-Vbe|)—«nV 


Fig. 24 — Output offset voltage as a function of the difference in the 
base-to-emitter voltages of the differential pair of transistors for 
several values of the total emitter resistance (internal external) 
of each transistor. 



Fig. 25 — Output offset voltage as a function of the difference in the 
base-to-emitter voltages of the differential pair of transistors for 
several beta values. 
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located very close to the corresponding component of the second 
transistor of the differential pair. As a result, the temperature 
environments for the pairs of components should be very similar. 
This feature is successfully exploited in the design of the integrated 
circuits, so that the effects of temperature on corresponding com¬ 
ponents is remarkably similar. 

Experimental data on sample units have shown that the 
change in output offset varies from no measurable drift up to 10 
millivolts for temperature variations over the 180-degree range 
from —55°C to +125°C. These limits correspond to an input 
offset of between 0 and 2.5 microvolts per ®C. Statistical produc¬ 
tion controls usually allow for greater maximum drifts, e.g., 5 to 
10 microvolts per °C. 

CHARACTERISTICS OF THE CONSTANT-CURRENT SINK 

The constant-current sink for the source current lo, which 
is a significant factor in the transfer and transconductance char¬ 
acteristics of the differential amplifier, may be realized physically 
by a resistor and a dc power supply or by a transistor circuit and 
a dc power supply. The transistor-current-sink circuit has a higher 
ac-to-dc impedance ratio, which results in higher common-mode 
rejection. In addition, the gain characteristics and bias network 
of the transistor sink circuit make possible temperature compensa¬ 
tion, gain control, squelch or switch action, and frequency multi¬ 
plication in the differential amplifier. The transistor current sink, 
therefore, is clearly superior in versatility to the resistor current 
sink for use in the differential-amplifier integrated circuits. The 
characteristics of the transistor current sink are developed in 
detail below. 

General Circuit Configuration 

Fig. 26 shows the general configuration of a transistor current- 
sink circuit in which diode temperature stabilization is employed. 
In this general circuit, all diodes are assumed to be forward-biased. 
Di represents the number (0, 1, 2, . . .) of forward-biased diodes 
in series with resistor Ri, and D 2 represents the number (0, 1, 2, 
. . .) of forward-biased diodes in series with resistor R 2 . 

The sink current lo of the differential amplifier is the col¬ 
lector current of the current-sink transistor. This current is 
expressed in terms of the emitter current of the current-sink tran- 
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sistor by Eq. (5), which relates the collector and emitter currents 
of a single transistor, as Ic = ale, where in this case the le is the 
emitter current of the current-sink transistor. Each diode used in 
the integrated circuits is actually a transistor connected to operate 
as a diode. The voltage drop V' across each diode used in the 
current-sink circuit can be expressed as follows: 

V' = In + Ir (48) 

where r is the sum of all the internal resistance of the diode. 

The resistance r is generally very small in comparison to 
the external resistors Ri and R 2 in series with the diodes, and 
the voltage drop Ir can usually be neglected. For this condition, the 
voltage drop V' is expressed by the first term of Eq. (48), and, 
as determined from Fig. 18, is about 0.765 volt for a current of 
1 milliampere. The voltage drop Ir in Eq. (48) represents an 
additional 5 millivolts. 

For a diode formed by the connection of the collector of a 
transistor to the base (Vcb = 0), the total currents and Ir drops 
are very similar to those of the transistor connection. For other 
possible connections of transistor terminals to form diodes, more 
of the diode current flows through rb' and a higher forward voltage 
drop results. In Fig. 26, this additional voltage drop is lumped 
with the voltage drops across the external resistors Ri and R 2 . 



Fig. 26 — General configuration for a diode-stabilized transistor 
current-sink circuit. 
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For the transistor in the current-sink circuit, the voltage drop 
V' is considered to be expressed by the logarithmic term in Eq. 
(38). The second and third terms of this equation represent 
voltage drops that, although identified separately, can be lumped 
with the resistive drops in the base and emitter paths for the 
circuit shown in Fig. 26. 

For the general current-sink circuit shown in Fig. 26, the 
following equations are necessary and sufficient to define the 
operating requirements and characteristics: 

II = I 2 + (1 - a) le (49) 

Vee - (Di - D2) V' = Ii Ri + I2 R2 ( 50 ) 

D 2 V' + I 2 R 2 = (1 — «) ri/ + V' + (rec + R 3 ) lo (51) 

Solution of these three equations in terms of the emitter current 
le of the current-sink transistor yields the following relationship: 

I ^ X [Vee - (Dl + D2) V 1 + (D2 - 1 ) , 32 ) 

R3 + Tec + (1 — Ol) (ib^ -T RlX) 

where 


X = 


R2 

Ri T“ R; 


(53) 


Temperature Characteristics 

In Eq. (52), the emitter resistor R 3 is usually the dominant 
term of the denominator; however, if the beta of the current-sink 
transistor is low, the contribution of the base resistance (rb + 
RiX) may also be significant. The effect of the base resistance can 
be particularly noticeable at the low extreme of the temperature 
range where the current gain [/S = a/(1 — a)] is minimum. The 
temperature coefficient of the denominator of Eq. (52), therefore, 
results from the combination of the temperature coefficients of the 
resistors and the effects of temperature on the transistor beta and, 
hence, on 1 — 

In the numerator of Eq. (52), V' is the main temperature- 
dependent parameter. The multipliers (Di + D 2 ) and (D 2 — 1), 
therefore, may be used to control the temperature characteristics 
in the numerator. 

These statements indicate that the effects of temperature on 
the operation of the current-sink circuit can be controlled by the 
values selected for Di, D 2 , X, and V^e. The effect of each of 
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these parameters on the emitter current le, as given by Eq. (52), 
and hence on the output current of the current-sink circuit (lo 
= ale) is evaluated below. 

In the use of Eq. (52) to evaluate the effects of temperature 
on the current-sink circuit, it is convenient to represent the nu¬ 
merator and denominator of the equation by more compact 
symbols, as follows: 

le = ^ (54) 

Ht 

where 

E = X [Vee - (Di -b D 2 ) V'] + (D 2 - 1) V' (55) 

and 

Rt = R 3 + rec + (1 — oc) (vh + RiX) (56) 

In Eqs. (54) and (55), the term E represents the effective 
emitter voltage of the current-sink transistor. 

Fig. 27 illustrates the effects of temperature on the resistance 
Rt. In this figure, curves B, C, and D show Rt as a function of 



Fig. 27 — Resistance ratio Rt as a function of temperature for several 
values of the beta of the current-sink transistor. 

temperature for three beta values when the nominal value of R 3 
at 20°C is 500 ohms. Curve A shows variations in the value of 
resistor R 3 with temperature. The temperature coefficient of beta 
is considered linear. The slopes of this coefficient for the beta 
values of 64, 35, and 21 used in Fig. 27 are 0.26, 0.14, and 0.12 
per °C, respectively. 

These slopes are average values based on the measured per¬ 
formance of a number of transistors. The temperature coefficient 






Differential-Amplifier Configuration 


39 


of resistor R 3 , as represented by curve A in Fig. 27, is also deter¬ 
mined from measured values. 

Fig. 28 indicates that the eifect of beta variations with 
temperature on the composite resistance Rt is reduced as the 



Fig. 28 — Resistance ratio Rt as a function of temperature for several 

values of the emitter resistor (Rs) of the current-sink transistor. 

value of R 3 is increased. Figs. 27 and 28 illustrate the following 
main factors in this relationship: 

1 . As the temperature rises, the resistance Rt increases; the 
emitter current le and, therefore, the source current lo 
then decrease unless the voltage E is made to increase 
simultaneously. Eqs. (37) and (38) reveal that the trans¬ 
conductance also decreases as the temperature increases 
unless the source current lo is made to increase with 
temperature. 

2. If a collector load resistor tracks the composite resistance 
Rt over a large portion of the operating temperature 
range, the operating point is independent of temperature 
(to a first approximation) only if the factor E has a zero 
temperature coefficient. 

It is desirable, therefore, to examine the factor E, given by 
Eq. (55), to determine (a) a zero temperature coefficient for 
E, and (b) a coefficient for E that is large enough to cause the 
current lo to increase with increases in temperature. 

It is convenient to define the voltage drop V' as follows: 

V' = Vo + cat (57) 
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where Vo is the value of V' at room temperature, C is the tempera¬ 
ture coefficient of V' (e.g., —1.43 millivolts per °C), and AT is 
the change in temperature from room temperature. 

When the relationship expressed by Eq. (57) is used in 
Eq. (55), the value of E is given by 


E = — (MVee - Vo - CAT) 
M 


where 


M = 


X 


(D, + D 2 ) 




(58) 

(59) 


The proportional change in E with temperature can be ex¬ 
pressed as follows: 

AE ^ -cat 
E MVee - Vo 


( 60 ) 


Because the temperature coefficient C is negative, the ratio aE/E 
can be positive only if M is positive and if MVee is greater than 
Vo. A zero temperature coefficient for E is approached when M 
approaches infinity; resistance ratio X is then given by 


D 2 — 1 

Di + D2 


( 61 ) 


When M is equal to or less than 1, the ratio AE/E is very 
small and, for conventional dc power supplies (Vee >> Vo), is 
positive. In the evaluation of M, it is important to remember that 
Di and D 2 are positive integers, and that X is a positive number 
between 0 and 1 (i.e., 0 < X < 1). The value of X is restricted 
even further by practical circuit considerations. Eqs. (54), (55), 
and (56) show that the operating point of differential-amplifier 
integrated circuits is dependent upon the value of the resistance 
ratio X. This ratio, therefore, must be easy to maintain at the 
required value during production to assure a predictable operating 
point. The more closely the resistors Ri and R 2 are matched in 
geometry, the more easily the value of the ratio X can be main¬ 
tained at the required value. 

Eq. (53) can be rewritten to obtain the following expression 
for X: 
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If production tolerances restrict the ratio R 1 /R 2 to a value between 
0.5 and 2 (i.e., 0.5 < R 1 /R 2 < 2), X is then constrained to the 
region between 0.33 and 0.67 (i.e., 0.33 < X < 0.67). 

Practical considerations also dictate that the number of com- 
pensating diodes used in the current-sink circuit be limited to the 
minimum required to provide the necessary temperature com¬ 
pensation. The maximum value for Di or D 2 is limited to 3. A 
systematic exploration of all possible combinations is best accom¬ 
plished by evaluation of Eqs. (59) and (60) as functions of X, 
Di, and D 2, as Di and D 2 are assigned values of 0, 1, 2, and 3 
in turn. 

For D 2 = 0, Eq. (59) becomes 

M = - - - ('62) 

DiX + 1 

M is positive for all values of X. Substitution of Eq. (62) into 
Eq. (60) shows that infinite points occur whenever MVee = Vo. 
When MVoe is less than Vo, the ratio aE/E is negative; otherwise, 
this ratio is positive. 

The change in AE/E that results from a 100°C rise in tem¬ 
perature is shown in Figs. 29 through 34, for various conditions. 
Fig. 29 shows this proportional change in E as a function of X 
for different values of Di when D 2 = 0 and Vee =3.0 volts. As X 
is varied from 0 to 1, the increase in temperature causes negative 
increases in E that rise to infinity. As X is increased further, the 
proportional change in E becomes positive and becomes smaller 
and smaller as X approaches 1. The use of higher values of Di 
increases the value of X at which the turnover occurs and, in 
general, results in a higher positive value for aE/E. 

Fig. 30 shows AE/E as a function of X for the same condi¬ 
tions as those given in Fig. 29, except that Vee is 6 volts. With 
Vee doubled, the turnover point occurs closer to the origin, and 
the positive changes in E are smaller. 

It is obvious that D 2 must equal 0 for a positive change in 
E to result from a temperature increase and for a negative change 
in E to result from a temperature decrease. The exact amount of 
change in E, together with the expected operating points, dictates 
the value of Di and of the ratio X. 

For the condition D 2 = 1, Eq. (59) becomes 



1 + Di 


( 63 ) 



42 


RCA Linear integrated Circuit Fundamentais 



Fig. 29 — Effect of the number of diodes Di on the variation in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 3 volts when no diodes Da 

are used. 


This equation obviously is independent of the ratio X. The voltage 
E, therefore, is dependent upon only the power supply. This con¬ 
dition, however, does not permit the designer the option to 
introduce any quantitative change by the proper selection of X. 
For this reason, the condition D 2 = 1 is rejected and will not be 
considered further. 

For the condition D 2 = 2, Eq. (59) is given as follows: 

_X_ 


M = 


(64) 
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For values ofX = l/(2 + Di),Mis infinite, and Eq. (60) 
shows that AE/E becomes zero. When X is less than 1/(2 + Di), 
M is negative, and negative values are obtained for aE/E as the 



RESISTOR RATIO X 

Fig. 30 — Effect of the number of diodes Di on the variation in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 6 volts when no diodes D 2 

are used. 

temperature rises. When X is greater than 1/(2 + Di), M is 
positive. 

When the voltage Vee is low enough, the ratio AE/E may 
again approach infinity and then become negative. As illustrated 
in Fig. 31, which shows variations in AE/E as a function of X 
for a Vee of 3.0 volts and Di = 3, this condition can produce 
large positive coefficients. These coefficients are somewhat smaller 
when a higher Vee is employed, as shown in Fig. 32 for Vee = 
6.0 volts. 

When Do — 3, Eq. (59) can be written as follows: 

_X_ 

(3 + D.) (X - 3-^_) 


M = 


(65) 
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Fig. 31 —Effect of the number of diodes Di on the variation in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 3 volts when two diodes D 2 

are used. 



Fig. 32 — Effect of the number of diodes Di on the variations in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 6 volts when two diodes D 2 

are used. 
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The results for this condition are similar to those obtained for 
D 2 = 2, except that the points of the zero-temperature effect are 
shifted to higher values of X. The results for D 2 = 3 are illus¬ 
trated in Figs. 33 and 34. 

The simplest arrangement that results in a zero temperature 
coefficient is defined by the conditions D 2 = 2 and Di = 0. 
For these conditions, only two diodes are used, and the zero- 
temperature effect is obtained for X = 0.5. Little need then exists 
for the use of more diodes, particularly in view of the fact that 
the requirement for high positive coefficients is fulfilled by the 
condition Di = D 2 = 0, which does not require the use of any 
diodes. 

Gain-Control Characteristics 

More precise expressions than those thus far presented 
must be derived for the operating point and gain of a differential 
pair of transistors operated with a transistor current sink before 
an intelligent selection of the parameters for the sink circuit can 
be made. 

Operating-Point Considerations ~ Eqs. (5) and (54) are used 
to obtain the following definition for the collector currents of the 
differential pair of transistors at the operating point: 

¥ (f) 

The voltage drop across the collector load resistor of each tran¬ 
sistor is given by 


If U is used to represent the ratio RL/Rt, Eq. (67) may be 
rewritten as follows: 


IcRl = 

For a given positive collector supply voltage Vcc, the collector 
voltage Voc of each transistor at the operating point is given by 


Voe = V 


cc 



UE 


(69) 
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RESISTOR RATIO X 


Fig. 33 — Effect of the number of diodes Di on the variations in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 3 volts when three diodes Da 

are used. 



RESISTOR RATIO X 

Fig. 34 — Effect of the number of diodes Di on the variations in the 
voltage E as a function of the ratio X for a temperature increase of 
100°C and a supply voltage Vee of 6 volts when three diodes Da 

are used. 
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When an output emitter follower is used, the output voltage 
becomes 


V = V = 

» oc » ce 



(70) 


The gain G of each transistor at the operating point is equal 
to |gm Rl|- On the basis of the relationships given by Eqs. (36), 
(54) and (67), this parameter can be defined as follows: 


G| = \g^n^\ 


aU 


„ r (l - a) rb' + (reo + Re) l , ^ 

L Rt 


(71) 


Substitution of Eq. (58) into Eqs. (69) and (70) yields the 
following results; 


Voe = V 


cc 


2 


UXVee + V„ 


4- GATa^ 
\ 2 M / 2 



(72) 


2 V 2 M / 

- CAt(i - (73) 

V 2M / 

For the conditions Di = D 2 = 0 and X/M = 1, Eqs. 
(72) and (73) may be rewritten as follows: 

^2 Y n/^ TT TT 

Voe = Vee - — UXVee + + CAT — (74) 

2 2 2 


Voe = Vee - -y UXVee + V„ ~ 

For the conditions Di = 0, D 2 = 2, and X/M = 0, the 
equations for Voc and Voe become 


a^U 

V = V — ■ X V 

» oc » cc » ee 

2 


(76) 


Voe = Vee - — UXVee - Vo “ CAT (77) 

2 

Eqs. (74) through (77) show that the operating point for 
the differential amplifier is dependent upon the resistor ratios U 
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and X, upon the dc supply voltages Vcc and Vee, and upon the 
a of the transistors. 

Gain-Temperature Relationships — With the exception of a 
and U, which are expected to vary by small amounts with tem¬ 
perature, the only temperature-dependent terms in the expressions 
for the output voltage are those multiplied by CAT. For the 
conditions under which Eq. (76) is applicable (i.e., Di = 0, 
D 2 = 2, and X/M = 0), the output-voltage equation contains 
no temperature-dependent terms except a and U. For the con¬ 
dition Di = D 2 = 0, Eq. (75) indicates the possibility of zero 
temperature coefficient for the output voltage of the differential 
amplifier when an output emitter follower is used and a^U/2 
approaches unity. For this condition (Di = D 2 = 0), the gain 
relationship, Eq. (71), becomes 


4KT (1 + 

2Rte U , V ^ To ; 

Re ^ q (VeeX - Vo - CAT) 


(78) 


where To represents the room temperature, AT is the amount of 
deviation in °C from the room temperature, and Rte is given by 

Rte = (1 - aW + (rec + Re) (79) 

At room temperature (20°C), the gain is given by 

1GI 4KT;^ 

Rl aq (Vee X - Vo) 


For the conditions used to obtain Eq. (76), i.e., Di = 0 
and D 2 = 2, the general gain equation is as follows: 


2RteU ^ To ) 

Rl aq Vee X 


At room temperature, this equation reduces to 


(81) 


|G 


aV 

2RteU 4KTo 
Rl Oiq Vee X 


(82) 


The gain of the differential amplifier is thus found to depend 
upon the resistor ratios U, X, and Rte/RL, upon «, and upon 
the dc supply voltage Vee. 
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Relative Merits of the Various Operating Modes — The varia¬ 
tions in a and in with temperature are shown in Figs. 35 and 36, 
respectively. The effect of temperature on the resistance ratio U 
is shown in Fig. 37 for several values of resistor R 3 and a medium 
beta. The effect of different values of beta on the temperature 
dependence of the ratio U is shown in Fig. 38 for a resistor R 3 of 
1000 ohms. 

The graphical data presented in Figs. 35 through 38, together 
with the relationships expressed by Eqs. (74) through (82), 
permit certain conclusions to be drawn about differential-amplifier 
integrated circuits. On the basis of the these conclusions, the 
relative merits of the various operating modes in the current- 
sink circuit can be evaluated with respect to the effects of tem¬ 
perature variations on the operating point and gain of differential- 
amplifier integrated circuits. 

For the basic differential-amplifier circuit in which no output 
emitter follower is employed, Eq. (76) shows that when tempera¬ 
ture-compensating diodes are used, the basic shift in the operating 
point with a change in temperature results entirely from a varia¬ 
tion in a with temperature. Such a-caused shifts in the operating 
point result in small negative changes in the output voltage as the 
temperature increases. 

When the compensating diodes are not used, Eq. (74) in¬ 
dicates that the decrease in output voltage will be more pronounced 
for the same increase in temperature. This condition is implied 
by the fact that the last term in Eq. (74) is negative for a rise in 
temperature. Although the amount of change in voltage can never 
become zero, it can be reduced by an increase in the value of 
resistor R3. 

When the emitter-follower output is used, the “diodes in” 
mode of operation can result in partial or complete cancellation 
of the negative-going decrease in voltage that occurs with rises in 
temperature. The degree of cancellation is dependent upon the 
values of U, X, and Vee. For low values of Ve©, the trend may 
well be a rise in output voltage with temperature. 

In the “diodes out” mode of operation, the change in out¬ 
put voltage with temperature, is also largely dependent on the 
ratio U. If c?\}/2 is greater than 1, the temperature coefficient of 
the output voltage may be negative. If a^U/Z is approximately 
equal to 1 , the “diodes out” performance approaches the “diodes 
in” performance because the temperature-sensitive terms become 
very small and the variation of a with temperature is the only 
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.35 — Relative values of the alpha for the current-sink transistor 
as a function of temperature for several beta values. 



Fig. 36 — Relative values of the square of the alpha for the current- 
sink transistor as a function of temperature for several beta values. 
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Fig. 37 — Resistor ratio U as a function of temperature for several 
values of the emitter resistor (Rs) of the current-sink transistor. 



TEMPERATURE—*»€ 


Fig. 38 — Resistor ratio U as a function of temperature for several 
values of the beta for the current-sink transistor. 


determining factor. If a^\5/2 is substantially less than 1, the posi¬ 
tive-temperature-coefficient terms should predominate, and an 
operating point that rises with increases in temperature will result. 

Eq. (78) indicates that the basic decrease in gm as the tem¬ 
perature rises (because of the KT/q term) can be cancelled or 
overcome if the value selected for the supply voltage Vee or for 
the ratio X is low enough. This condition implies that, with the 
diodes out of the circuit, the gain can be made to decrease, re¬ 
main constant, or increase with an increase in temperature. 
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With the diodes in the circuit, the decrease in gain with rises 
in temperature is not compensated and is about 2 dB per 100°C 
rise for very small values of the emitter resistors Re. These emitter 
resistors tend to diminish the difference in the temperature char¬ 
acteristic for operation with the diodes in and with the diodes out. 
Thus, in circuits in which the external emitter resistors are not 
used, a greater difference will be observed for the two conditions 
in both gain and operating-point temperature dependence. 

Even if there were no significant difference in the tempera¬ 
ture characteristics of the two modes of operation, the inclusion 
of the diodes would be worthwhile because they allow a change 
in operating point without substantial change in the ratio X, as 
would be necessary if diodes were not used. Such variation in the 
ratio X could result in very undesirable temperature characteris¬ 
tics for some operating points as shown in Figs. 30 and 31. 

Selection of Parameters for the Current-Sink Circuit 

Equations have been derived to show the dependence of the 
gain and operating point of the differential-amplifier integrated 
circuits on temperature. These equations, which have been veri¬ 
fied experimentally, provide accurate predictions of the charac¬ 
teristics of these important parameters with changes in temperature. 
Engineering judgment can then be used to specify all resistor 
ratios for any given combination of gain, operating point, and 
supply voltage. 

Absolute values for the collector load resistor Rl and the 
resistor combination Rt are established by the bandwidth require¬ 
ments of the circuit. The absolute value of the resistors Ri and 
R 2 , which determines the ratio X, is not controlled except as re¬ 
quired by the following practical considerations: 

1. The power dissipated in the bias circuit is inversely pro¬ 
portional to the absolute values of the resistors Ri and 
R 2 . Thus, the smaller the absolute values of the resistors, 
the higher the power dissipated in the bias circuit be¬ 
comes. 

2. The dependence of the ratio U on beta is reduced as the 
absolute values of the resistors Ri and R 2 are decreased. 
Thus, the smaller the resistors are, the smaller the varia¬ 
tions in U with changes in beta. 

These conflicting considerations indicate that a compromise 
is required in the selection of the absolute values of Ri and R 2 . 
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Another factor that must be considered, before a final decision 
of the absolute value of Ri is made, is the effect of the impedance 
in the base circuit on the output impedance of the current-sink 
transistor. 

The output impedance of the current-sink transistor is both 
finite and frequency-dependent, rather than infinite and constant 
with frequency as implied in an ideal current source. Moreover, 
the output impedance is dependent upon the input impedance be¬ 
cause of the non-unilateral characteristic of the current-sink tran¬ 
sistor. 

The output impedance must be high compared to the parallel 
emitter input impedances of the differential pair of transistors; 
otherwise, the current-source requirements are not met. Also, the 
common-mode gain is simply one-half the ratio of the differen¬ 
tial-amplifier collector resistor to the equivalent impedance feed¬ 
ing the emitters. Because the common-mode gain in a differential 
amplifier should be as low as possible, the larger the impedance 
of the current source, the higher the common-mode rejection 
should be. (Common-mode rejection is the ratio of the differen¬ 
tial gain to the common-mode gain.) 

A quantitative evaluation of the output impedance and its 
dependence on the base resistor values may be made with the help 
of a transistor model. The model that best represents the integrated- 
circuit transistor used in the linear analog (differential-amplifier) 
integrated-circuits is shown in Fig. 39. In this model, the substrate 
series resistance Rg is small enough so that its effect is negligible 
below frequencies of 100 MHz. The substrate-to-collector leakage 


SUBSTRATE 



Fig. 39 — Equivalent-circuit model of an integrated-circuit transistor. 
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Gs is small, but not necessarily negligible, and therefore is rep¬ 
resented. 

From this model, the output admittance Yout of a common- 
emitter single stage that has a base termination admittance of 
P times the common-emitter short-circuit input admittance is given 
by the following equation: 


^out - Gs “1“ jwGs - 


aVo 


+ 


D 1 + P DZ, 


3Ze . 


Re + rb' + 


/3Re 

1 + p. 


(83) 


where 


D = Re + (1 — a:)rb'~ Re (84) 

and Re includes any external emitter resistor plus the internal 
emitter resistances rec and re. When Eq. (84) is substituted in 
Eq. (83), the expression for Yout becomes 


Yout = Gs + jcoCs = 


aUo 


1 + P z. 


Zc . 


l+^ + 


Re 


1 +P- 


(85) 


Fig. 40 shows the low-frequency output impedance of the 
current-sink transistor as a function of the base terminating re¬ 
sistance for various values of the emitter resistor. It is evident 
that the smaller the termination resistance in the base, the higher 



EQUIVALENT PARALLEL BASE-TERMINATION CONDUCTANCE-MHOS 


Fig. 40— Low-frequency output impedance of the current-sink 
transistor as a function of the equivalent parallel base-termination 
conductance for several values of the emitter resistance. 
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the output impedance becomes. The selection of a very small re¬ 
sistor, however, is precluded by the high power dissipation that 
results in the base bias network. 

Fig. 41 shows that the absolute value of output impedance 
varies inversely with frequency, primarily because of the collector 
capacitances. Even at frequencies as high as 100 MHz, the im- 



FREQUENCY—MHz 

Fig. 41—Absolute value of output impedance of the current-sink 
transistor as a function of frequency for several values of the base- 
termination conductance. 

pedance is several hundred ohms for a base terminating con¬ 
ductance of 1 millimho (i.e., G.s = 10~^ mho). This relatively 
high impedance, which is many times greater than the emitter 
impedances at the junctions of the differential pair of transistors, 
implies that, although the common-mode rejection will not be as 
high as desired at 100 MHz, the signal path will not be appre¬ 
ciably shunted by the constant current-sink transistor. 

Fig. 42 shows the effects of the emitter resistor on the rate 
of the inverse change in output impedance with frequency. In 
effect, the larger the value selected for the emitter resistor, the 
higher the low-frequency output impedance becomes, and the 




56 


RCA Linear Integrated Circuit Fundamentals 



Fig. 42 — Effect of the emitter resistor (Ra) of the current-sink 
transistor on the change in output impedance with frequency. 

lower the frequency at which the rolhoff caused by the collector 
capacitances occurs. 

Figs. 43 and 44 show that the phase angle of the output 
reaches 90 degrees (the condition which represents a pure ca¬ 
pacitive output impedance) at a frequency of a few megahertz. 



Fig. 43 —Output-impedance phase angle of the current-sink transistor 
as a function of frequency for several values of base-termination 
conductance. 
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Fig. 44 — Output-impedance phase angle of the current-sink transistor 
as a function of frequency for several values of emitter resistance. 

The curves in these figures also show the relative effects of the 
emitter resistor and the base-termination resistance on the re¬ 
lationship between frequency and phase angle. 

The variation in the power dissipated in the base bias net¬ 
work as a function of the sum of the base bias resistors, for a 
supply voltage Vee of 6 volts, is shown in Fig. 45. The sum of 



Fig. 45 — Power dissipation in the bias network of the current-sink 
transistors as a function of the sum of base-bias resistors Ri and Ro. 
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the base-bias resistors, Ri and R 2 , should be greater than 7000 
ohms to limit the dissipation to less than 5 milliwatts. 

On the basis of these considerations, the final values for the 
parameters in the current-sink circuit can be selected. The value 
of the resistor Ri is chosen as 5000 ohms. For the conditions 
Di = 0 and D 2 = 2 (“diodes in” mode of operaton), the ratio X 
is 0.5, and R 2 is also 5000 ohms. The sum Ri + R 2 then is 
10,000 ohms. The equivalent base termination resistance RiX 
can be calculated as follows: 


RiX = Ri 



= 2500 ohms 


At a temperature of 20°C and for a transistor beta of 35, 
the quantity (1 — «) RiX is about 70 ohms, which is more than 
10 per cent of the value of a 500-ohm emitter resistor but only 
about 3 per cent of the value of a 3000-ohm emitter resistor. 

For the “diodes out” mode of operation (Di = D 2 = 0), if 
the value of Ri is again 5000 ohms and the ratio X is 0.36, RiX 
is 1800 ohms. The quantity (1 — a) RiX then represents a re¬ 
sistance of 50 ohms. The ratio R 1 /R 2 , as determined from Eq. 
(53), is 1.78, and the value of R 2 becomes 2800 ohms. The sum 
Ri + R 2 is then 7800 ohms. 

The circuit adopted as the final configuration for the tran¬ 
sistor constant-current sink is shown in Fig. 46. This circuit 
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Fig. 46— Current-sink configuration used in linear (differential- 
amplifier) integrated circuits. 
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which includes provisions for both modes of operation (“diodes 
in” and “diodes out”) is used as the standard constant-current 
sink for RCA linear integrated circuits. Circuits that have a 
high value of collector load resistance (i.e., low-frequency, high- 
gain circuits) require larger values of emitter resistors than circuits 
that have low values of collector load resistance. The resistor 
values for each operating condition are indicated on the circuit 
schematic shown in Fig. 46. 
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An operational amplifier is basically a very-high-gain direct- 
coupled amplifier which uses feedback for control of response 
characteristics. This circuit can be used to synthesize a broad 
variety of intricate transfer functions and thus can be adapted for 
use in many widely diverse applications. The operational amplifier 
is principally used to perform various mathematical functions, 
such as differentiation, integration, analog comparisons, and 
summation. This versatile circuit, however, may also be used 
for numerous other applications that have significantly different 
transfer and response requirements. For example, the same opera¬ 
tional amplifier may be adapted to provide either the broad, flat 
frequency-gain response required of video amplifiers or the peaked 
responses required of various types of shaping amplifiers. 


GENERAL CONSIDERATIONS 

The configuration most commonly used for operational am¬ 
plifiers is a cascade of two differential-amplifier circuits, such as 
that described in the preceding section, together with an appro¬ 
priate output stage. The cascaded differential-amplifier stages 
not only fulfill the operational-amplifier requirement for a high- 
gain direct-coupled amplifier circuit, but also provide significant 
advantages with respect to the application of the operational 
amplifier. 

From an applications standpoint, the versatility of an opera¬ 
tional amplifier that has a differential input is substantially greater 
than that of the single-input type of operational amplifier. The 
increased versatility of the differential-input operational amplifier 
results from the greater flexibility allowed in the selection of the 
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feedback configuration. In the single-input operational amplifier, 
only the inverting type of feedback configuration can be employed. 
When differential inputs are employed, the operational amplifier 
may use either an inverting feedback configuration or a noninvert¬ 
ing feedback configuration, which is dependent upon the common¬ 
mode rejection for its negative feedback. The characteristics of 
an operational amplifier may differ significantly depending upon 
the type of feedback used. The two types, therefore, tend to 
complement each other. Moreover, because the characteristics 
provided by each feedback configuration are required equally 
often, the differential-input operational amplifier is, from an 
applications standpoint, twice as versatile as the single-input 
operational amplifier. 

The differential-input operational amplifier is readily adapted 
to integrated-circuit construction techniques. As pointed out in 
the preceding section, a differential-amplifier circuit is a stable 
dc-amplifier configuration that lends itself particularly well to 
the monolithic diffusion process used in the construction of the 
silicon integrated circuits. In addition, symmetrical differential- 
amplifier stages can be dc-cascaded readily, provided that each 
succeeding stage is driven push-pull by the preceding stage. The 
common-mode effects that result from this arrangement make 
possible stable, direct-coupled cascades. 

The capabilities and limitations of operational amplifiers are 
firmly defined by a few very simple equations and rules, which 
are based on a certain set of criteria that an operational amplifier 
must meet. Effective use of these simple relationships, however, 
requires knowledge of the conditions under which each is appli¬ 
cable so that errors that may result from various approximations 
are held to a minimum. This section explores the theory of the 
design and use of operational amplifiers, and develops each per¬ 
tinent design equation in a general way. Evaluations are then 
made to determine the assumptions that must be made (or 
the criteria the operational amplifier must meet) to reduce 
these general equations to classical operational-amplifier design 
equations. 

Frequency instabilities in the operational amplifier and the 
methods used to prevent them are also discussed. A thorough 
understanding of the principles of frequency stability is imperative 
to the successful application of operational amplifiers. The basic 
concepts and techniques involved in phase compensation (fre¬ 
quency stabilization) are explained in terms of (1) basic frequency- 
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stability requirements, (2) the problems that may result from an 
uncontrolled frequency response, and (3) the techniques that may 
be used to correct these undesirable effects. (Specific applications 
of practical integrated-circuit operational amplifiers are described 
in a subsequent section.) 

Finally, the basic criteria for an operational amplifier are 
given. This discussion is placed last because a basic insight to 
the theory of application is required before the effects of many 
of the operational-amplifier requirements can be fully appreciated. 

BASIC THEORY OF OPERATIONAL AMPLIFIERS 

In the development of the basic equations and concepts 
associated with the use of operational amplifiers, the precise 
formulations for the transfer functions, the input impedances, the 
output impedances, and the loop gains are presented for both the 
inverting and the noninverting feedback configurations, and clas¬ 
sical design equations are then derived from these precise formula¬ 
tions. The effects of the load impedance and of common-mode 
gain (or common-mode rejection) on the inverting and noninvert¬ 
ing feedback configurations are considered separately. 

Inverting Feedback Configuration 

An operational amplifier operated with an inverting feedback 
configuration is shown in Fig. 47. The load resistor Rl is assumed 



Fig. 47 — Inverting-feedback operational-amplifier configuration. 

to be large enough so that its effect on the transfer characteristic 
is negligible, i.e., Iqut = 0. (The effects of a finite Rl are in- 
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vestigated and evaluated subsequently in the discussion of the 
equivalent-circuit model of an operational amplifier.) 

Certain differential-input operational amplifiers require a 
significant flow of bias current at each input. For this condition, 
the dc paths to ground for each input must be equal so that a 
minimum dc offset voltage (error) is developed at the output. 
Thus, for the terminology employed in Fig. 47, Rr must equal the 
parallel combination of Zr(a) = 0) with the series combination 
of Zf(w = 0) and Zoi (w = 0). 

In the circuit of Fig. 47, the drive-source impedance affects 
the feedback in the inverting configuration and, therefore, must 
be considered part of the Z- term. For brevity, the symbol Zr is 
defined to include the source impedance as well as certain feedback 
design elements. The impedances Zi and Zoj are the open-loop 
intrinsic input and output impedances of the operational amplifier. 
Ordinarily, these impedances are assumed in the amplifier symbol. 
In Fig. 47, however, they are identified to emphasize their im¬ 
portance in the ensuing equations. The term Ao(a)) is the open-loop 
differential voltage gain of the operational amplifier; this parameter 
is frequency-dependent. The terminals on the operational-amplifier 
symbol labeled minus ( —) and plus ( + ) refer to the inverting 
and noninverting input, respectively. 

Inverting-Configuration Transfer Function — The transfer 
function or closed-loop gain of an operational amplifier is generally 
considered to express the relationship between the input and 
output voltages. (It is relatively simple to convert the voltage 
transfer function to another desired transfer relationship.) In the 
derivation of the transfer function for the schematic in Fig. 47, 
the following differential-amplifier relationship is used as the 
starting point: 

Voi = -Ao(a,) (Ve - Vi) (86) 

where Ve and Vi are defined as follows: 

^ ^ ViN (Zf+Zoi)/(Zi+R.) Vo, Z./(Zi+R.) 

' Zr + (Zf + Zoi)/(Zi + Rr) Zf + Zoi + Zr/(Zi+Rr) ^ 

and 

Vi = Ve Rr/(Zi + Rr) (88) 

(In these and subsequent equations, the load resistor Rl is assumed 
to approach infinity.) 

If the expressions for Ve and Vi given by Eqs. (87) and (88) 
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are substituted in Eq. (86), the resulting expression can be sim¬ 
plified as follows: 

y ^ _ — Ao(co) Zj (Zf + Zoj) ViN _ 

(Zf + Zoi) (Zi+Rr)+Zr (Zf-f“Zoi + Zi-(-Rr)+Ao(co)Zi Zr 

The output voltage Vout is expressed in terms of Voi and Vm 
by the following equation: 


Vout = 


Vo, [Zf + Z./(Zi + R.)] 
Zoi + Zf + Zr/(Zi + Rr) 


ViN Zo, (Zf + Zo,)/(Zi + R,) 

(Zf + Zoi) [Zr + (Zf + Zoi)/(Zi + Rr)] 

With Voi defined as indicated by Eq. (89), the accurate equation 
for the transfer response (for Rl“^oo) becomes 

Vout _ Zoj (Zi-|-Rr) Ao(co) Zi Zf 

ViN (Zf + Zoi) (Zi + Rr) + Zr (Zf + Zoi + Zi+Rr) +Ao(co)ZiZr 

If Zi is assumed to be much greater than the combination of Zr in 
parallel with Zf -f Zoi, and if Zoi is assumed to be much smaller 
than Zf, then the closed-loop gain (or transfer function) may be 
expressed as follows: 

Vout ^ — Ao(co) Zf 

ViN Zf + Zr + Ao(co) Zr 

In addition, if the open-loop gain Ao(co) is the dominant term in 
either Eq. (91) or (92), the transfer-function equation for the in¬ 
verting configuration simplifies to the following familiar expression: 

Vout Ao((a))-^ qq ^ ^ 

ViN “ Zr 

Eq. (93) is considered to be the classical or ideal expression 
for the closed-loop gain (transfer function) for an operational am¬ 
plifier that uses the inverting type of feedback configuration. 

The difference between the open-loop gain and the closed- 
loop gain is in itself an important design parameter. This “gain 
throwaway”, which is known as the loop gain L.G., is defined by 
the following equation: 


L. G. = 


open-loop gain, Ao(aj) 
closed-loop gain, 


(94) 
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When the transfer function is given by Eq. (92), the loop- 
gain equation may be written as follows: 


L. G. - 


Zf + Zr 

Zf 


Ao(co) 


(95) 


Zr 

Moreover, when the open-loop gain is very large, the inverting 
loop gain can be considered to be the open-loop gain divided by 
the ideal inverting closed-loop gain. The equation for L.G. then 
becomes 

L. G. = (96) 

Tn 

Zr 

The loop-gain parameter can be used to predict the accuracy 
of the approximate operational-amplifier relationships. In general, 
the higher the loop gain, the more accurate the results provided 
by the approximate (or classical) relationships. This correlation 
is demonstrated in Table I, which compares values of Vqut/Vin 
obtained from the precise transfer expression, Eq. (91), with 


Table I— Comparison of Precise and Approximate Formulas 
for Closed-Loop Gain {Inverting Configuration) 

Conditions: Ao(w) 1000 /0°, Zi = 15,000 /0°, Zcj = 200 /0°, Zr = 1000 /0°. 


If /r 

yiovr/yiN 

from Eq. (83) 

MoVT/yiN 

from Eq. (91) 

Error 

LG. 

(ohms) 

(dB) 

(dB) 

(dB) 

(dB) 

200,000 

46.0 

44.3 

1.70 

14.0 

100,000 

40.0 

39.1 

0.90 

20.0 

30,000 

29.6 

29.3 

0.30 

30.4 

10,000 

20.0 

19.9 

0.10 

40.0 

2,000 

6.03 

6.0 

0.03 

54.0 


values obtained from the classical approximation, Eq. (93), for 
various gain settings. The tabular data show that the classical 
equation is accurate to within 1 dB provided the loop gain is at 
least 20 dB. Eq. (96) was used to calculate all of the loop-gain 
values given in the table. 


Inverting-Configuration Input Impedance, Zin — The input 
impedance Zin for the inverting-feedback configuration of an 
operational amplifier, shown in Fig. 47, can be expressed as 
follows: 



. ViN 

Z/IN — 

IlN 

(97) 

where 

T ViN - Ve 

llN — 

(98) 


Zr 
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Therefore, 

ZiN ==-(99) 

I _ — 

ViN 

The ratio Ve/Vm may be determined by substituting the ex¬ 
pression for Voi given by Eq. (89) into Eq. (87) and dividing 
through by Vm (with Rl-^oo.) The resultant equation is then sim¬ 
plified to obtain the following relationship: 

Ve _ (Zf + Zoi) (Zi -f- Rr) 

~ Zr (Zf+Zoi+Zi+Rr) + Zf+Zoi) (Zi+Rr) + Ao(co)Zi Zr 

( 100 ) 

If this expression for Ve/Vm is substituted into Eq. (99), the 
result can be simplified to obtain the following precise expression 
for the closed-loop input impedance: 

z™ = z, +- Z. (Zo, z, + z,R. + z,zo - 

Zr (Zf + Zoi + Zi) + Rr (Zr + Zoi) + Ao(co)Zi Zf 

If Ao(a)) is dominant and Zoj is small, Eq. (101) reduces to 


ZiN = Zr + 


Zf (Zj H~ Rr) 
Ao(co) Zi 


A further simplification is possible when Rr is much smaller than 
Zi, which is a common condition. In this case, the equation for 
the input impedance becomes 


ZiN = z, + (103) 

Ao(co) 

Eqs. (102) and (103), which are important in voltage-summing 
or scaling-adder* applications, can be used to predict the degree 
of interaction among multiple inputs. 

When Ao(a)) is large enough, Eqs. (102) and (103) may be 
rewritten as follows: 


Eq. (104) is the “classical” equation for the input impedance 
of an operational amplifier when an inverting-feedback configura¬ 
tion is used. This equation, together with Eq. (101), implies the 
existence of a condition known as a virtual ground at the node- 
assigned voltage Ve (shown in Fig. 47). That is, the node is at 


scaling adder is an inverting operational-amplifier configuration which 
weights and sums multiple voltages. (See Fig. 19^1 in section on *'Character- 
istics and Applications of RCA Linear Integrated Circuits.*’) 
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ground potential even though there is no electrical connection be¬ 
tween this point and ground. [This statement can be verified either 
intuitively by the use of Eq. (104) or directly if Ao((o) is assumed 
to be infinite in Eq. (100)]. Moreover, no current flows into the 
negative terminal of the amplifier when the open-loop gain is 
infinite because the voltage is zero while the impedance at the 
negative terminal (i.e., Zi + R,.) is not zero. The concept of a 
virtual ground leads to an extremely simple three-step analysis 
procedure for an inverting operational-amplifier configuration. 

1. Because of the virtual ground (Ve = 0), the input current 
IiN and feedback current If can be defined as follows: 

l™ = ^ (105) 

Zjj- 

I, = (106) 

Zf 

2. Zero current flow into the inverting terminal (Ve = 0) 
indicates the following relationships: 

IiN = If (107) 


ViN _ —VqTJT 

Zr “ Zf 


(108) 


3. Eq. (108) can then be rewritten to obtain the classical 
gain equation, as follows: 


VoUT _ _ 


(109) 


Although the foregoing analysis is certainly an idealized one, 
it is nevertheless practical because the required approximations 
are usually valid. Eq. (100) serves as a measure of the deviation 
from a true virtual ground. 


Inverting-Configuration Output Impedance, Zqut — The 
closed-loop output impedance is the ratio of the unloaded output 
voltage VouT to the short-circuit output current Iout as follows: 


ZoUT — 


VqUT (Rl —> CO ) 


( 110 ) 


Iout (Rl 0) 

It is apparent from Fig. 47 then that the output current Iout is 

Iout (Rl 0) = M?) ji g-L} 

Zoi 


( 111 ) 
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If the expression given by Eq. (88) is substituted for Vi, Eq. (Ill) 
can be rewritten as follows: 


loUT (Rl 0) 


-Ao(co) Zi Ve 
Zoi (Zi + Rr) 


( 112 ) 


Under short-circuit conditions (Rl = 0), the voltage Ve in terms 
of ViN is given by 


ViN Zf^(Zi-|~Rr) 

Zr + Zf^(Zi + Rr) 


_ ViN Zf (Zj + Rr) _ 

Zr (Zf + Zi + Rr) + Zf (Zi + Rr) 


(113) 


Therefore, Iqut (at Rl = 0) can be expressed in terms of Vin as 
follows: 


loUT = 


_ —Ao(co) Zj Zf Vin _ 

Zoi [Zr (Zf + Zi + Rr) + Zf (Zi + Rr)] 


(114) 


If this expression for Iqut is substituted in Eq. (110) and con¬ 
sideration is given to the intransience of Vm in going from an 
unloaded to a fully loaded condition, the equation for Zqut 
becomes 


ZoUT 


Zoj [Zr (Zf + Zj + Rr) + Zf (Zj + Rr)] / VquA 

-Ao(co)ZiZf VVin/ ^ 


Finally, the desired equation for the closed-loop output impedance 
is obtained if the expression for Vqut/Vin given by Eq. (91) is 
substituted into Eq. (115), as follows: 


ZoUT — 

Zo,[Zr(Zf + Zi + Rr)+Zf(Zi + Rr)][Ao(a;)ZiZf-Zo,(Zj + Rr)] 

Ao(co)ZiZf[Zr(Zf + Zoi + Zi+Rr) + (Zf + Zoi) (Zi + Rr)+Ao(co)ZiZr] 

(116) 

If the open-loop gain term Ao((o) is dominant, Eq. (116) simplifies 

Zoi [Zr (Zf + Zi + Rr) + Zf (Zi + Rr)] 


Ao(co) Zi Zr 


(117) 


This expression for Zqut does not simplify to its “classical” equa¬ 
tion unless Zi is dominant also; in this case, Eq. (117) becomes 


ZouT ^ Zoi —+ (118) 

Ao(a;) 

The assumption that Zj is a dominant term is not always valid, 
especially if bipolar transistor inputs are employed. Eq. (117), 
therefore, may be considered to take precedence over Eq. (118). 
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Noninverting Feedback Configuration 

Fig. 48 shows the general circuit for an operational amplifier 
operated with a noninverting feedback configuration. In this sec¬ 
tion, the equations for the transfer function and the closed-loop 



Fig. 48 — Noninverting-feedback operational-amplifier configuration. 

input impedance for this type of operational-amplifier circuit are 
derived. These derivations, as did those for the inverting circuit, 
assume that the load resistor Rl is large enough so that its effect 
is negligible, i.e., Rl"^oo and Iqut = 0. (The effects of a finite load 
resistance on the noninverting operational amplifier are evaluated 
in the discussion of the equivalent-circuit model of an operational 
amplifier.) 

A noninverting operational amplifier, unlike the inverting 
type, requires a differential-input arrangement because it uses the 
common-mode effect in its feedback scheme. The following basic 
requirements and definitions that apply to the inverting circuit 
shown in Fig. 47 are also valid for the general noninverting circuit 
of Fig. 48: 

1. The dc return paths to ground for the two inputs must 
be equal and finite for amplifiers that require a significant 
amount of input bias current. 

2. The input and output impedances, Zi and Zo^, are inherent 
in the basic amplifier unit and are shown on the diagram 
to emphasize their importance in the relationships to be 
derived. 
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3. The open-loop gain is frequency-dependent and is repre¬ 
sented by the symbol Ao(a)). 

4. The plus and minus labels on the input terminals desig¬ 
nate the noninverting and inverting terminals, respectively. 

In the noninverting circuit, however, the source impedance is 
included in the passive element Rr rather than the frequency- 
dependent parameter Zr, as in the inverting circuit. 


Noninverting-Configuratioii Transfer Function — As with 
the inverting circuit, the transfer function developed for the non¬ 
inverting operational amplifier shows the relationship between the 
input and output voltages. It is relatively simple to convert this 
relationship to another type of transfer function. 

When the load resistor Rl approaches infinity, the output 
voltage VouT for the general circuit shown in Fig. 48 can be ex¬ 
pressed as follows: 


Voi [Zf + Zr^(Zi+Rr)] 

VoUT = - 

Zoi + Zf+ Zr^ (Zi + Rr) 

^ ViN Zo JZ./(Zf+Zo,)] 

(Zf + Zoi) [Zi+Rr + ZrX(^fH“21oi) 

Eq. (119) may be rewritten in the following form: 


(119) 


y — ^oi (Zr + Zj+Rr) + Zr (Zj+Rr)] + Zy Zp^ ViN Q20) 
(Zi4-Rr) (Zr + Zf + Zoi) + Zr (Zf-f Zoj) 


The voltage Voi is defined by the differential-gain expression, as 
follows: 

Vox = Ao(c.) (Vi - Ve) (121) 

where Vi is the source voltage Vm less the voltage drop across 
Rr, as given by 

Vi = ViN — IlN Rr (122) 


where 



(123) 


The voltage Vi, given by Eq. (122), can now be expressed in terms 
of the voltages Vin and Ve, as follows: 


Vi = 


Zi Vin + Rr Ve 


Zi + R] 


(124) 
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It can be determined from Fig. 48 that, when Rl approaches 
infinity, the voltage Ve is given by the following equation: 


Ve = 


Voi Zr/(Zi+Rr) 


+ 


ViN Zr^(Zf + Zoi) 


Zoi + Zf + Zr/^(Zi + Rr) Zi + Rr + Zr/^(Zf + Zoi) 


(125) 


If the relationships for Voi and Vi given by Eqs. (121) and 
(124), respectively, are used, Ve can be expressed solely in terms 
of ViN, as shown by the following equation: 


Ve 


(Zr Zf + Z. Zoi + Ao(co) Zi Zr) Vi 


(Zi + Rr) (Zr + Zf + Zoi) + Zr (Zf + Zof) + Ao(w) Zi Zr 


(126) 


Eqs. (121), (124), and (126) are now used to express Voi in terms 
of ViN, as follows: 


Voi = 


Ao(co) Zi (Zr + Zf + Zoi) Vi; 


- (127) 

(Zi-|-Rr) (Zr + Zf + Zoi) + Zr (Zf + Zof) + Ao(co) Zf Zr 

If this expression for Voi is substituted into Eq. (120), the new 
equation that results can be simplified and divided through by 
ViN to obtain the desired transfer function, as follows: 


Vqut 

ViN 


Zr Zoi “I" Ao(co) Zi (Zr + Zf) 


(Zi + Rr) (Zr + Zf + Zoi) + Zr (Zf + Zof) + Ao(a>) Zi Zr 


(128) 


The transfer function that is usually associated with the 
noninverting feedback configuration of an operational amplifier 
can be derived from Eq. (128) if the impedance Zoj is assumed 
to be zero and the impedance Zi is assumed to be very high. 
When these assumptions are made, Eq. (128) becomes 


Vqut ^ (Zr+Zf) Ao(co) 
ViN (Zr + Zf) + Zr Ao(co) 

Eq. (129) may be rewritten as follows: 

Vqut _Ao(co) 


' IN 


1 + 


Ao(a?) 


(129) 


(130) 


1 + Zf/Zr 

If the term Ao(a)) is dominant in Eq. (130), the following 
“classical” expression for the noninverting transfer response 
results: 

VoUT Ao(co) c» Zf 
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The term 1 + Zf/Zr represents the closed-loop gain for the ideal 
noninverting configuration. This term, which is referred to as the 
ided feedback characteristic, is basic to operational-amplifier fre¬ 
quency-stabilization theory. 

As might be expected, the loop gain of an operational am¬ 
plifier is defined in the same way [by Eq. (94)] regardless of the 
type of feedback configuration. Under the conditions for which 
Eq. (130) is a valid expression for the transfer response, the loop 
gain for the noninverting configuration is given by 

L. G. = 1 + (132) 

1 +^ 

If the second term of Eq. (132) is very large, this equation reduces 
to 

L. G. = (133) 

1+^' 

Table II compares the values calculated from the precise 
and the approximate expressions [Eqs. (128) and (131), respec¬ 
tively] for the closed-loop gain of the noninverting operational- 
amplifier configuration. The approximate formula is accurate to 


Table II— Comparison of Precise and Approximate Formulas 
for Closed-Loop Gain {Noninverting Configuration) 


Conditions: AoM = 1000 /0°, Zi - 15,000 /0°, lo^ = 200 /O”, Zr = 1000 /0^ 



^ OUT/ytlN 

from Eq. (131) 

MoutIMin 

from Eq. (129) 

Error 

L. G. from 
Eq. (133) 

(ohms) 

(dB) 

(dB) 

(dB) 

(dB) 

199,000 

46.0 

44.3 

1.70 

14.0 

99,000 

40.0 

39.1 

0.90 

20.0 

29,000 

29.6 

29.3 

0.30 

30.4 

9,000 

20.0 

19.9 

0.10 

40.0 

1,000 

6.03 

6.0 

0.03 

54.0 


within 1 dB provided the loop gain is 20 dB or more. A com¬ 
parison of Tables I and II shows that the error introduced by the 
use of the classical gain formula for the noninverting configuration 
[Eq. (131)] is identical to that introduced by the use of the 
classical gain formula for the inverting configuration [Eq. (93)]. 

Noninverting-Configuration Input Impedance, Zin — The 
following equation gives the basic definition of the input impedance 
ZiJN* 

ViN 


ZiN = 


IlN 


(134) 
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It can be readily determined from Fig. 48 that the input current 
IiN is given by 


IlN = 


ViN - V. 

Zi + Rr 


(135) 


When this relationship is applied in Eq. (134), the expression for 
the noninverting input impedance becomes 


ZiN = (136) 

1 - — 

ViN 

If the expression for the ratio of Ve/ViN, given previously by 
Eq. (126), is substituted into Eq. (136), the result can be simplified 
to obtain the following precise expression for the input impedance 
(for Rl->co): 


Z„ = Z, + E, + Z, ^'+ g-'+ A.(~) Z. ,137) 

Zr + Zf + Zoi 

For the case where Zi is dominant and Zoj is small, Eq. (137) 
reduces to 


ZiN = Zi + (138) 

The following expression for the input impedance results if Ao(a)) 
is also considered dominant: 


ZiN = (139) 

1 + ^ 

Eq. (139) states that the noninverting input impedance is 
equal to the intrinsic input impedance Zi multiplied by the loop 
gain. 

Noninverting-Configuratioii Output Impedance^ Zqut — As 
in the inverting configuration, the closed-loop output impedance 
for the noninverting configuration is defined as the ratio of the 
open-circuit output voltage, Vout, to the short-circuit output 
current, Iqut, as follows: 


where 


ZoUT 


VqUT (Rl —> 00 ) 
louT (Rl —^ 0) 


louT (Rl 


0) = 


Ao(co) (Vi - Ve) 


(140) 

(141) 
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For the general noninverting operational-amplifier configuration, 
the voltages Vi and Ve are given by the following equations for 
the conditions indicated: 


and 


Vi (Rl-^0) = 
Ve (Rl->0) = 


ViN (Zi + Z./Zf) 
Rr + Zi + Zr^Zf 

ViN Zr^Zf 

Rr + Zi + Zr^Zf 


(142) 


(143) 


On the basis of the relationships expressed by Eqs. (142) 
and (143), Eq. (141) may be rewritten as follows: 


iOUT 


(Rl^O) = 


Ao(co) ViN Zj (Zr H~ Zf) 


Zoi [(Zr + Zf) (Rr + Zi) + Zr Zf] 
The output impedance Zqut then becomes 
'Zr Zf + (Zr + Zf) (Rr 


(144) 


^'OUT 


= ^oi - 


(Yo^) (145) 

Zf) JVVin/ 


Ao(co) Zi (Zr + Zf) 

Finally, the following precise equation for the output impedance 
ZouT is obtained when the ratio for Vqut/Vin is replaced by its 
impedance equivalent, as given by Eq. (128): 

ZoUT = Zoi [(Zr + Zf) (Rr + Zi) + Zr Zf] [Zr Zoi “1“ Ao(co)Zi (Zr + Zf)] 

(146) 

If Ao(<o) is dominant, then Eq. (146) becomes 


. rj "Li 

— ^Oi 


+ (Zr + Zf) (Rr + Z 


Ao(w) Zi Zr 


0“ 


(147) 


The expression for the closed-loop output impedance does not 
revert to its classical form unless both the intrinsic input imped¬ 
ance Zi and the open-loop gain Ao(a)) are very large. Under such 
conditions, the equation for the output impedance reduces to 


ZoUT 


-Zo 


1 + - 
Ao(aj) 


(148) 


This classical expression indicates that the output impedance of 
the noninverting configuration is equal to the intrinsic output 
impedance Zoj divided by the loop gain. It should be noted that 
the classical expressions for the closed-loop output impedances 
for the inverting and noninverting configurations [Eq. (118) and 
(148), respectively] are identical. 



Operational-Amplifier Configuration 


75 


Equivalent-Circuit Model of a Closed-Loop 
Operational Amplifier 

Fig. 49 shows the equivalent circuit of a closed-loop opera¬ 
tional amplifier. This equivalent circuit is valid for either the 
inverting or the noninverting configuration. In the inverting 



Fig. 49 — Equivalent-circuit model of a closed-loop operational 

amplifier. 


configuration, Zr is used to represent the impedance in series with 
the closed-loop input impedance Zin. In the noninverting configu¬ 
ration, term Zr is replaced by Rr to show that the components 
thus represented are independent of frequency. The closed-loop 
input and output impedances (Zm and Zqut, respectively) and 
the transfer function Vqut/Vin were defined previously. 


Effect of a Finite Load Impedance on Operational-Amplifier 
Characteristics — One of the important features of the equivalent- 
circuit model is that it accurately accounts for the effects of a 
finite load impedance, Rl. For example, if a 2000-ohm load im¬ 
pedance is used on the 46-dB (approximate) inverting amplifier 
for which data are given in Table I, the equation for the transfer 
response must be modified as follows: 


VoUT 


Rl + ZouT 


(149) 


If Eq. (91) is used to determine the value of Vqut/Vin and Eq. 
(115) is used to determine the value of Zqut, the transfer-function 
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ratio for an Rl of 2000 ohms can be calculated from Eq. (149) as 
follows: 


Vqut _ / _ 2000 ohms _ 

ViN \37.4 ohms + 2000 ohms 

Thus, a ratio of 44.15 dB is obtained, as compared to 44.3 dB for 
an open-circuit load. Similarly, if a 2000-ohm load is used for the 
6-dB amplifier, the gain becomes 5.98 dB, as compared to 6 dB 
indicated in Table I for an open-circuit load. The error in neglect¬ 
ing a 2000-ohm load, therefore, is 0.15 dB for the 46-dB amplifier 
and only 0.02 dB for the 6-dB amplifier (for the conditions given 
in Table I). 

Effect of the Common Mode Gain (CMG) on Operational- 
Amplifier Characteristics — In the developments of the basic equa¬ 
tions for the inverting and noninverting feedback configurations 
of the operational amplifier, it was tacitly assumed that the com¬ 
mon-mode gain was essentially zero (infinite attenuation). The 
common-mode gain is defined as the ratio of the output voltage, 
VouT, to the input voltages, Vi and Ve, when Vi and Ve are identical 
in amplitude and phase. The validity of this assumption is con¬ 
sidered separately in this section because the basic feedback equa¬ 
tions become burdensome when common-mode effects are included. 
As a result, the salient features of these equations become obscured. 

An examination of Figs. 47 and 48 shows that, in either the 
inverting or noninverting configuration, the differential gain acts 
on the difference between the voltages Vi and Ve. On the other 
hand, the common-mode gain acts on those portions of Vi and Ve 
that are in phase and identical in magnitude. That is, the common¬ 
mode gain acts on the smaller of the two in-phase signals 
(Vi or Ve). In the inverting configuration Vi is less than Ve, but 
in the noninverting configuration Vi is greater than Ve. These con¬ 
ditions are reflected by the output-voltage equations when the 
effects of the common-mode gain (CMG) are considered, as 
follows: 

1. For the inverting configuration, 

Voi == Ao (co) (Vi - Ve) - (CMG) (Vi) (151) 

2. For the noninverting configuration, 

Voi = Ao (c) (Vi - Ve) - CMG (Ve) 


^ = 162 (150) 


(152) 
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If these two equations are developed further, the following 
gain expressions are obtained for Zoi = 0 (i.e., Voj = Vqut) : 

1. For the inverting configuration, 

VouT _ _ -Ao(co) Zi Zf - (CMG) R, Z; _ 

ViN z. (Zf+Zi+R,)+Zt (Zi+R,)+Zi Z, Ao(co)+R, Z, (CMG) 

(153) 

2. For the noninverting configuration, 

Vqut ^ _ Ao(a)) Zj (Z, + ZQ - (CMG) Z, Z( _ 

ViN (Z,+Zf) (R,+Zi)+Z,Z,+A„(a)) ZiZ,+(CMG) Z, (Zi+R,) 

(154) 

In each case, the criteria for the common-mode gain, CMG, 
to be negligible compared to the open-loop gain, Ao((u), are as 
follows: 

1. For the inverting configuration, 

CMG « (155) 

Rr 

2. For the noninverting configuration, 

CMG « MelAi (156) 

Zi -b R. 

Eq. (153) or inequality (155) shows that the gain of an in¬ 
verting configuration is not affected by the common-mode gain 
when the input impedance Vi is assumed to be infinite. However, 
when this same assumption is made for a noninverting configura¬ 
tion, the gain is dependent upon the common-mode gain provided 
the open-loop gain is finite. 

Inequalities (155) and (156) may be given in terms of the 
common-mode rejection, CMR, which is the open-loop gain, 
Ao(w), divided by the common-mode gain, CMG. The following 
inequalities are then obtained: 

1. For the inverting configuration, 

CMR « — (157) 

Zi 

2. For the noninverting configuration, 

CMR » (158) 

Zi 

Neither of these inequalities places a stringent restriction on 
common-mode rejection. 
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FEEDBACK PHASE SHIFTS IN OPERATIONAL AMPLIFIERS 


In an operational amplifier, as in any other feedback ampli¬ 
fier, the phase of the feedback must be controlled to assure that 
the design is stable with frequency and that the desired gain-fre¬ 
quency response is obtained. Fig. 50 shows the gain and phase 
characteristics as functions of frequency for a typical 60-dB op¬ 
erational amplifier in which no phase-compensation techniques 



Fig. 50 — Gain and phase response of an open-loop operational 
amplifier operated without phase compensation. 


are employed. Over the frequency range shown, the change in 
the phase of the feedback is substantially greater than 180 degrees. 
This phase response indicates that a low-frequency negative feed¬ 
back can become positive and cause the amplifier to be unstable 
at high frequencies unless phase-compensation methods are em¬ 
ployed to stabilize and control the response of the amplifier. 

Effect of Excessive Phase Shift on Frequency Stability 

The transfer equation for the inverting configuration, Eq. 
(92), can be rearranged so that it reflects the same classical 
feedback form as that for the noninverting configuration, given by 
Eq. (130). These equations, which are based on the assumptions 
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that Zi approaches infinity and Zoi is zero, are repeated below for 
convenience: 

1. For the inverting configuration, 


Vqut 

VlN 



— Aq (g?) 


1 -I- 


Ao(co) 

1 + ^ 


2. For the noninverting configuration. 


Vqut 

ViN 


Aq (co) 


1 + 




If the phase angle of the feedback term, Ao(a>)/(l + Zf/Zr), 
reaches 180 degrees (not asymptotically) while the magnitude of 
the term is still unity or greater, oscillations will occur. [If the term 
is greater than unity, the oscillations will build until limiting oc¬ 
curs. This limiting decreases Ao(o)), and thus the entire feedback 
term, until unity magnitude at a phase angle of 180 degrees is 
achieved.] These unstable conditions can be predicted readily. 
Fig. 51 shows a superposition of the gain-frequency curve shown 


1 = 20 dB/DECADE OR 6dB/0CTAVE 

2 5 40dB/DECADE OR l2dB/0CTAVE 
32 60 dB/DECADE OR l8dB/0CTAVE 



Fig. 51—Open-loop response and stability characteristics of an 
operational amplifier. 
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in Fig. 50 on several sample plots of the ideal feedback character¬ 
istic, as given by 1 + Zf/Zr when Zf and Zr are purely resistive. 
Because the crucial frequency for a purely resistive feedback net¬ 
work is that at which Ao(a)) has a phase angle of 180 degrees, the 
magnitude of Ao((o)/(1 + Zf/Zr) at this frequency (fiso) de¬ 
termines whether the configuration is stable. If Ao(fi8o)/ 
(1 + Zf/Zr) is equal to or greater than unity, the configuration is 
unstable. On the other hand, if this term is less than unity, then 
the configuration is stable. This stability-determination technique 
is applied to the various values of 1 + Zf/Zr shown in Fig. 51; in 
each case, the gain of the amplifier at the frequency for which the 
phase angle is 180 degrees is assumed to be 10 [i.e., Ao(fi8o) = 10]. 

When 1 + Zf/Zr = 100/0°, the stability ratio is calculated as 
follows: 


^ 0.10/180° 

^ 100 ^ - 

Because the value of 0.10 obtained for the stability ratio is less 
than unity, the configuration is stable. 

When 1 + Zf/Zr = 10.0/0°, the stability ratio becomes 

-^o(fl8o) ^ ^ I 0/180° 

^ 10 ^ ' - 

For this case, the stability ratio is unity, and the configuration 
therefore, is unstable. As a check, an examination of the transfer 
expressions for both the inverting and the noninverting configura¬ 
tion [Eqs. (92) and (130)] reveals that for the condition specified, 
each contains the following term: 

1 

1 + 1 /180° 

which is not finite and, therefore, indicates an oscillating condition. 
When 1 + Zf/Zr = 4.0/0_°, 

^ ^ 2.50/180° 

^Zr 

The value obtained is greater than unity, and the circuit, therefore, 
is unstable. 



Operational-Amplifier Configuration 


81 


When Zf and Zr are not restricted to purely resistive values, a 
more general situation exists because the phase ofAo((o)/(l + 
Zf/Zr) is no longer dependent solely upon Ao(o)). Two examples 
which essentially cover the field are given below. 

Example No. 1 — A characteristic of differentiating or peak¬ 
ing circuits is that the feedback term 1 + Zf/Zr is in the form 
K(1 + jf/fi), where K and fi are constants. Fig. 52 shows a curve 



Fig. 52 — Basic peaking response characteristics of an operational 

amplifier. 


of this term as a function of frequency, for K = 10 and fi = 0.1 
MHz, superimposed upon an operational-amplifier open-loop 
transfer curve. The equation for the open-loop characteristic can 
be derived from Fig. 51, as follows: 


Ao(co) = 


1000 


^ 0.2 MHz) ^ 2 MHz) ^ 20MHz ) 


(159) 
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The frequency at which the stability ratio Ao((o)/l + Zf/Zr has a 
phase angle of 180 degrees and the magnitude of the ratio for this 
frequency can then be calculated. The computation reveals that 
the phase angle is 180 degrees at a frequency (fiso) of 0.746 MHz, 
and the magnitude of the ratio is 3.22 at that frequency. The 
stability ratio is greater than one; therefore, the configuration is 
unstable. The point of instability (fiso) is marked in Fig. 52. 

The stability of an operational amplifier may be determined 
more easily from an estimate of the phase angle of the ratio Ao(a))/ 
(1 + Zf/Zr) at the frequency of intersection (where the magnitude 
of the ratio is unity). If the estimate shows that the phase angle 
is less than 180 degrees, the configuration is stable. On the other 
hand, if the estimate indicates a phase angle in excess of 180 de¬ 
grees, the circuit is unstable. When the estimate shows that the 
phase angle is near 180 degrees, an accurate calculation is required 
to determine whether the operational amplifier is stable. This 
border-line type of configuration, however, is generally undesirable 
from the standpoint of frequency response, as discussed later. 

In the application of the estimation technique to the prob¬ 
lem presented in Fig. 52, the following conditions should be noted: 
The feedback characteristic 1 + Zf/Zr increases at the rate of 6 dB 
per octave (20 dB per decade) for a full decade before it intersects 
the open-loop response, Ao(o)). The intersection occurs near the 
second corner of the open-loop response, which decreases at the 
rate of 6 dB per octave for almost a full decade. The classical 
phase relationships associated with these observations are used to 
obtain the following phase estimates: 

Phase of (1 + Zf/Zr) = +90" 

-135"< Phase of AoM< -90" 

Therefore, the following phase estimate is obtained at the fre¬ 
quency of the intersection: 

-225" < Phase of Ao(co)/(l + Zf/Zr) < - 180" 

Thus, the configuration is unstable. 


Example No. 2—An inherent characteristic of integrating or 
band-limiting configurations is that the feedback term 1 + Zf/Zr 
has the following form: 


K 


1 + jf/fi 
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An example of this type of feedback characteristic is shown in Fig. 
53 for K = 10 and fi = 4 MHz. The application of the phase-esti¬ 
mation technique to this problem results in the following estimates: 

-45° > Phase of 1 + Z/Zr > -90° 

-135° > Phase of Ao(a>) > -225° 

At the frequency of intersection, therefore, the phase estimate is 
given by 

-45° > Phase of Ao(a))/(l H- Z/Z^) > -180° 

Thus, the configuration is stable. 

If the three basic types of feedback characteristics shown in 
Figs. 51, 52, and 53 are compared, it becomes evident that the 



Fig. 53 — Basic integrating response characteristics of an operational 

amplifier. 

differentiating or frequency-peaking configuration is the most 
unstable and that the integrating or low-pass configuration is the 
most stable. In fact, the techniques used to devise this latter con¬ 
figuration may be considered a form of phase compensation for 
certain situations, as discussed later. 

Effects of Excessive Phase-Shift on Frequency Response 

The criterion evolved for frequency stability neither precludes 
uncontrolled frequency peaking nor provides for a 3-dB closed- 
loop bandwidth prediction. The conditions that are required to 
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develop a stable, controlled-response feedback amplifier are 
evolved in this section. 


Criteria for a Peaked Response — Frequently peaking results 
when the magnitude of the true closed-loop gain, as given by 
Eq. (92) for the inverting configuration and by Eq. (130) for the 
noninverting configuration, is greater than the magnitude of the 
ideal closed-loop gain (Zf/Zr for an inverting circuit and 1 + Zf/Zr 
for a noninverting circuit). The criteria for frequency peaking 
can be expressed for both configurations by the following expres¬ 
sion: 


Ao(co) 

> 

-1 

, , Ao(ai) 

1 +^ 




(160) 


Inequality (160) may be used to develop a set of criteria that 
predict frequency peaking (or preclude the occurrence of fre¬ 
quency peaking). 

The following substitution is first made in inequality (160): 


Ao(a)) 


1 + 


Zr 


^ b/^ 


(161) 


If both sides of inequality (160) are then divided by the left- 
hand term, the following result is obtained: 


1 > 


1 + -^/-^ 
B 


(162) 


Inequality (162) may be rewritten in either of the following forms: 

(163) 


r / \ ^ 

(1 + — cos 0) 4- ( 

^ \ \ 

—- sin 0 ) 

LV B / ' 

K B / J 


or 


1 > 1 H-cos d + 

L B 


(i)T 


(164) 


The real and imaginary parts of inequality (163) must also be 
less than unity, so that 
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and 


1 > 


1 > 


1 + — cos d 
B 


B 


sin d 


It is apparent from inequality (165) that 


B > 

2 


and from inequality (164) that 


(165) 

(166) 


(167) 


cos 6 < -^ B (168) 

2 

The substitution indicated by the identity (161) is again 
made, and both sides of inequality (160) are then divided by the 
right-hand term to obtain the following expressions: 


B/J 

TTWo ^ ^ 

or , , , , 

B/^ I > I 1 + B/J 

Inequality (170) can be solved to reveal that 

I B/J. I < 2.62 


(169) 

(170) 


For peaking to occur, therefore, the following relationships must be 
in effect: 


0.5 < 1 Bl± I < 2.62 


COS ^ ^ B 

2 

3-dB Bandwidth Prediction — The 3-dB bandwidth of an op¬ 
erational amplifier is defined by the following condition: 


Ao(a)) 


1 4- 


Ao(a?) 


1 + 


Zr 



\/2 


( 171 ) 
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The terms of Eq. (171) are rearranged and the definition for B 
given by the identity (161) is used to obtain the following relation¬ 
ships: 


1 + — 
B 


= V2 

^1 i (.Qg ^^ gjj^ ^ 2 


1 H-cos 6 + 

B 


(i)- 

Eq. (172) yields the following criteria for the 3-dB point: 

1 


1 > B > 


1 + \/2 


= 0.414 


(172) 


(173) 


B2 — 1 

cos d = - -- (174) 

2B 

Inequality (173) predicts the possibility of a 3-dB bandwidth 
greater than that indicated by the intersection of Ao((o) and 1 + Zf/ 
Zr (B = 1 point). However, it should be realized that this “band¬ 
width extension” is actually caused by a slight peaking effect. 
Special care should be exercised in any attempt to use this effect 
to advantage. 

Inequality (174) stipulates that the phase angle must be 90 
degrees to obtain the 3-dB bandwidth where B = 1. This stipula¬ 
tion essentially coincides with a “rule of thumb” that has become 
a standard in the industry. This rule may be stated as follows: For 
an unconditionally stable configuration, the ideal feedback char¬ 
acteristic, 1 + Zf/Zr, must intersect the open-loop response, /4o((o), 
at a slope less than 12 dB per octave. An examination of this “rule 
of thumb” in terms of the phase relationship indicates that the 
phase angle asymptotically approaches 180 degrees when the 
change in amplifier response with frequency occurs at a rate of 
12 dB per octave. Therefore, the amplifier is on the threshold of 
instability. Frequency dependence of less that 12 dB per octave 
indicates that the amplifier is stable; a dependence of greater than 
12 dB per octave indicates that the amplifier is unstable. 
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PHASE-COMPENSATION TECHNIQUES 
FOR OPERATIONAL AMPLIFIERS 

The design problems (i.e., ac instability and uncontrolled 
frequency response) created by excessive phase shift in the feed¬ 
back can be solved by use of compensating techniques that alter 
the feedback response so that excessive phase shifts no longer 
occur. The frequency response can be controlled by limiting the 
slope of the intersection of the ideal feedback characteristic, 
1 + Zf/Zr, with the open-loop gain response, Ao(to), to a safe 
value. Theoretically, this slope can have a maximum value of 12 dB 
per octave under certain conditions. In general, however, the 
maximum slope allowed for practical lumped-parameter systems 
is 6 dB per octave. In an operational amplifier, effective phase com¬ 
pensation can be accomplished only by a modification in one or 
more of the following parameters: 

1. the ideal closed-loop gain (feedback characteristic), 
1 + Zf/Zr; 

2. the open-loop input impedance, Zi; 

3. the open-loop gain, Ao(a)). 

Closed-Loop Compensation Method 

Phase compensation can be accomplished by modification of 
the closed-loop gain characteristic (i.e., the 1 + Zf/Zr term) for 
only those applications in which the intersection of the 1 + Zf/Zr 
characteristic with the open-loop response occurs in a region where 
the open-loop response rolls off at a slope of 12 dB per octave or 
18 dB per octave. When the intersection occurs in a 12-dB-per- 
octave region of the Ao((o) response, compensation techniques 
are used that cause the slope of the 1 + Zf/Zr response to roll off 
at 6 dB per octave near the intersection. As a result of these 
techniques, the slope of the intersection becomes 6 dB per octave. 
(An example of this method of phase compensation was discussed 
earlier, in the section on “Criteria for a Peaked Response”, and 
the response curves for this example were shown in Fig. 53.) 

For applications in which the use of an inductor is permissible, 
phase compensation in the 18-dB-per-octave region of the open- 
loop response can be accomplished by techniques that cause the 
1 + Zf/Zr response to roll off at 12 dB per octave near the inter¬ 
section. An example of this method of phase compensation, to¬ 
gether with the appropriate response curves, is shown in Fig. 54. 
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In this example, the Zf term is altered by a shunt capacitor and 
the Zr term is altered by a series inductor so that the 1 + Zf/Zr 
response has the required 12-dB-per-octave roll-off. The location 
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Fig. 54 — Phase compensation of operational amplifier permissible in 
the “three-slope region.” 
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of these frequency-dependent components in the feedback con¬ 
figuration is unique for this type of phase compensation. 

Open4.oop Compensation Methods 

Phase-compensation techniques that alter either the open- 
loop input impedance or the open-loop gain permit the introduc¬ 
tion of a zero, in addition to the low-frequency pole, into the 
open-loop gain characteristic. This zero can be designed to cancel 
one of the poles in the open-loop gain characteristic and thus to 
increase substantially the bandwidth of the operational amplifier. 
Alternatively, the operational-amplifier bandwidth can be increased 
by the introduction of a pole at a frequency low enough so that 
all the other corner points will occur at frequencies below that 
at which the open-loop response, Ao(a>), intersects the closed- 
loop response, 1 + Zf/Zi.. The two methods are compared in Fig. 
55. It is apparent that the pole-cancellation method of phase com¬ 
pensation is superior to the method in which the other corner 

BANDWIDTH 



I— Compensated open-loop response using simple depression 
of higher corner frequencies. 

II— Compensated open-loop response using pole cancellation. 

Fig. 55 — Phase compensation of operational amplifier by use of pole 

cancellation. 

frequencies are depressed. In the phase-compensation techniques 
discussed below, therefore, the pole-cancellation method is em¬ 
ployed. 

Modification of the Open-Loop Input Impedance — The fol¬ 
lowing analysis shows the limitations imposed on alterations in 
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the open-loop input impedance of an operational amplifier in or(|er 
to provide phase compensation. In this phase-compensation tech¬ 
nique, an appropriate network is connected between the input 
terminals so that it appears in parallel with the intrinsic input 
impedance, Zi. Eqs. (92) and (130), which define the closed-loop 
inverting and noninverting responses, respectively, are used as 
the basis for establishing the conditions and the mechanisms in¬ 
volved in this kind of compensation. 

If Zi is used to represent the modified open-loop input 
impedance and the open-loop output impedance, Zoj, is assumed 
to be zero, the following equations for the closed-loop response 
are obtained: 

1. For the inverting configuration, 

Vqut _ _ — Ao(co) Zj^ Zf _ (175) 

ViN Zf (Zi' + Rr) + Zr (Zf + Zi' + Rr) + Ao(co) Zi' Zr 

2. For the noninverting configuration. 


Vqut _ _ Ao(a)) Zj' (Zr H~ Zf) _ 

ViN (Zi' + Rr) (Zr + Zf) + Zr Zf + Ao(aj) Z/ Zr 


(176) 


A judicious rearrangement of terms in Eqs. (175) and (176) 
reveals the effect that the altered open-loop input impedance has 
on the open-loop response. With this rearrangement, the equation 
for the inverting configuration becomes 


Vqut 

ViN 


_ r Ao(a^) Zi' 1 
LRr + Zr + Zi'J 
Zr (Zi'+Rr) r Ao(co)Zi' ] 
Rr + Zr + Zi' LRr + Zr + Zi'J 


(177) 


The equation for the noninverting configuration is then written 
as follows: 


Vqut 

ViN 


r Ao(co)Zi' 1 

iRr + Zr + Zi'J 


+ Zf) 


Zf + 


Zr (Zi'+Rr) 
Rr + Zr + Zi 


r Ao(co)Zi' 1 
' [Rr + Zr + Zi'J 


(178) 


For each configuration, the modified open-loop response is 
defined as follows: 


Ao'(c.) - 


Ao(co) Zi' 

Rr + Zr + Zi' 


(179) 


It is apparent from Eq. (179) that the alteration of the open-loop 
input impedance has no effect on the open-loop response unless 
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Zi' is, at most, of the same order of magnitude as the Rr + term. 
If Z/ is made much less than Rr + Zr, Eq. (179) becomes 

A„'(aj) = MflA' (180) 

Rr + Zr 

As predicted by Eqs. (179) and (180), three limitations are 
imposed in the use of the input-impedance modification technique 
to provide phase compensation: (1) the feedback impedance term 
Zr is restricted in value and configuration by the phase-compensa¬ 
tion requirements; (2) the effective open-loop input impedance 
must be smaller in magnitude than and different in configuration 
from the intrinsic input impedance, Zi (thus the closed-loop input 
impedance, Zin, also is smaller and different); and (3) the dc 
open-loop gain is less for some input-impedance configurations. 

Two examples of the input-impedance phase-compensation 
technique are shown in Figs. 56 and 57. In the method shown in 
Fig. 56, the required modification of the open-loop response is 
achieved by proper choice of the frequency characteristics for the 
network connected in shunt with the input terminals of the op¬ 
erational amplifier. Fig. 57 shows that the required modification of 
the response can be achieved by the appropriate choice of the 
frequency characteristics of Rr and Zr. Both techniques employ 
pole-zero cancellation to extend the 6 dB-per-octave roll-off region 
depicted. The technique illustrated in Fig. 56 causes an early roll¬ 
off, while the one shown in Fig. 57 results in a reduction in the 
dc open-loop gain. Eqs. (179) and (180) indicate that phase- 
compensation can also be effected by an increase in the magnitude 
of Rr + Zr, provided that the frequency characteristics of this 
parameter are controlled. However, this technique relies on the 
accuracy of the value of Zi and therefore is unsatisfactory. (The 
intrinsic input impedance of an operational amplifier may vary 
significantly from unit to unit.) 

Modification of Open-Loop Gain Characteristics — Phase 
compensation that is effected by internal modification of the 
open-loop gain response is the most widely accepted technique 
for integrated-circuit operational amplifiers. This method offers 
two distinct advantages over other types of phase compensation. 
First, the internal-modification technique affords complete isolation 
of the phase-compensation networks from the feedback parameters. 
This isolation is not possible with the compensation methods 
discussed previously. Second, the point at which the phase com- 
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pensation is applied can be selected so that the open-loop response 
is altered in such a way that one of the existing 3-dB corner 
frequencies becomes the early roll-off corner in the compensated 
response. The advantage stems from the fact that no new corner 
frequencies are introduced, and an improved compensated response 
is thus obtained. 

Internal phase compensation can be accomplished by either 
of two basic methods. In one method, referred to as the straight 
roll-off, an appropriate RC network is connected across a suitable 
internal resistor of the operational amplifier. With this method, 
the early roll-off starts at the corner frequency produced by the 
phase-compensating capacitor and the internal resistor. The other 
method is the Miller-effect roll-off. In this method, the phase- 
compensating network still appears electrically to be placed across 
an appropriate internal resistance of the amplifier, but is actually 
connected between the input and the output of an inverting-gain 




Fig. 56 — Phase compensation of operational amplifier in which 
open-loop response is modified by connection of a compensating 
network that provides the required frequency characteristics in shunt 
with input terminals. (Mathematical relationships for this phase com¬ 
pensation technique are shown on page 93.) 
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stage in the operational amplifier. The impedance of the compen¬ 
sating network then appears to be divided by the gain of that stage. 

The Miller-effect roll-off technique requires a much smaller 
phase-compensating capacitor than that which must be used with 
the straight roll-off method. Moreover, the reduction in swing 
capability which is inherent in the straight roll-off is delayed 
significantly when the Miller-effect roll-off is used. Fig. 58 illus¬ 
trates the solution to the problem of phase compensation of an 
operational amplifier in which a straight roll-off is used to cause the 
second 3-dB corner frequency to occur at unity gain. Fig. 59 
illustrates the use of a Miller-effect roll-off to solve the same 
problem. For the same early corner frequency, the compensating 


Mathematical relationships for phase-compensation technique 
shown in Fig. 56 

Ao(a>) = uncompensated open-loop gain 
Ao'((o) = compensated open-loop gain 
Ri= low-frequency intrinsic input impedance 


Ao(a)) = 


Ao'((o) = 


Because Ri is normally large, the equation for Ao'(w) may be 
rewritten as follows: 


^Ri + R. + 2Ri + Ri (r2 + 


Ao(co)Ri 

1 -f- jcoR2C2 

2Ri -f- Ri 

[1 +JC0C2 + 2 r;'+R-)J 


For 


and if 


Ao'(^) = =‘=Ao(co) 
Ao(co) = 


1 + ja;R2C2 


1 + jcoC2 (R 2 + 2Ri) 
K 




R 2 C 2 


the equation for Ao'(co) becomes 

Ao'(co) = 


COi 


K 


[1 + jcoC 2 (R 2 + 2Ri)] -f 
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capacitance required in the Miller-effect method is less than that 
required in the straight roll-off method by a factor of 1 + gmiiRc 2 
(gmii and Rc 2 are defined in Fig. 59). 


DESIGN CRITERIA FOR OPERATIONAL AMPLIFIERS 

It is apparent from the previous discussions that a completely 
universal design of an operational amplifier would have to satisfy 
an impossible set of criteria. As a result, the design of operational 
amplifiers is a somewhat specialized, process in that a particular 
amplifier is usually designed for specific applications. For example, 
certain operational amplifiers are designed to provide high- 
frequency gain at the expense of other performance character¬ 
istics, while other operational amplifiers provide very high gain 
or high input impedance in low-frequency applications. Integrated- 
circuit operational amplifiers, which are fabricated by the diffusion 



Fig. 57 — Phase compensation of operational amplifier in which 
open-loop response is modified by alteration of the Rr -f Zr term to 
provide the required frequency characteristics. (Mathematical relation¬ 
ships for this phase-compensation technique are shown on page 95.) 
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process, can be made suitable for comparator applications or can 
be processed to provide high gain at low dissipation levels. For 
these reasons, any discussion of the criteria for operational am¬ 
plifiers must be of a general nature unless a specific application 
is being considered. 


Input and Output DC Levels 

In general, an operational amplifier should be designed so 
that the dc bias levels at the input and the output are equal. This 


Mathematical relationships for phase-compensation technique 
shown in Fig. 57 

Ao(co) = uncompensated open-loop gain 
Ao'(ct)) compensated open-loop gain 


Ao'(co) 


=t=Ao(aj) R 2 Ri 




=*= Ao(a)) R 2 Ri 

1 “1“ RiCi 

2Ri(R2“f“Ri) ”f“ R2Ri 

. R^R, RiCi 

_ 2Ri(R2+Ri) + R 2 Ri_ 


Because Ri is normally large, the equation for Ao'(o)) may be 
rewritten as follows: 


A V ^ R2^ 

2 R 1 +R. 


1 -|- Ri Cl 


V 


1 + j“, 


CiRi R2 


2Ri R 2 / 

If R 2 << Ri, the equation for Ao'(a)) becomes 

-Ao(o)) R2 ^ + jcoRl Ci \ 

R 2 


For 


and 


Ao'(co) 

Ao(w) = 


2Ri 


1 


K 




Ri Ci = 


1 


OJi 


the compensated open-loop gain Ao'(w) is given by 

±K 


Ao(0)) = 
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condition is desirable to assure that the resistive feedback network 
can be connected between the input and the output without up¬ 
setting either the differential or the common-mode dc bias. More¬ 
over, for applications in which two (positive and negative) power 
supplies are used, the operational amplifier should be designed so 
that it is possible to establish a set of standard supply values for 
which the equal input and output bias levels are at zero potential 
with respect to circuit ground. This latter condition is particularly 
important in direct-coupled cascade and comparator applications. 

Output-Power Capability 

As with any amplifier circuit, the output-power requirements 
for an operational amplifier depend almost entirely on the appli¬ 
cation. A few general conclusions can be drawn concerning the 



Fig. 58 — Phase compensation of operational amplifier by use of 
straight-rolloff method to modify open-loop response. (Mathematical 
relationships for this phase-compensation technique are shown on 

page 97.) 
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design of the output stage. First, this stage should provide a voltage 
swing essentially equal to the sum of the power-supply voltages. 
It should have sufficient gain so that it is the first stage to limit 
when the amplifier is overdriven. Finally, because of the design 
trade-off that is always required between output-power capability 
and dissipation, the output stage should be sufficiently versatile so 
that the output capability and dissipation can be tailored to the 
power needs of the particular application in which the operational 
amplifier is used. 


Gain and Frequency-Response Characteristics 

The numerical values of the open-loop gain and the 3-dB 
bandwidth of an operational amplifier are of relatively little im¬ 
portance in themselves. The important requirement is that the 


Mathematical relationships for phase-compensation technique 
shown in Fig. 58 

Ao(a)) = uncompensated open-loop gain 
Ao'(ct)) = compensated open-loop gain 


Ao (co) — Ao 




1 -j- C<^ 

1 + jcoRc C<i> 


The 1 + j a>/(oi term in the equation above accounts for the 
modification of the wi 3-dB corner. 


For 

and Ao(co) = 


— 


0)2 

K 


the equation for Ao'(a)) becomes 


A„'(co) ^ -- — -- 

(1 -|- jo)Rc C<f>) ( 1 + j— 

A third corner-frequency term, which occurs because of the 
time constant of and the input capacitance of the succeeding 
stage, should also be included in the equation above; the effects of 
this corner frequency, however, is appreciable only at very high 
frequencies (and usually at a gain less than unity). Because the 
comer frequency normally occurs well out of the active region, 
it is omitted in the expression for Ao'(a)). 
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open-loop gain must be much greater than the closed-loop gain of 
the transfer response over the frequency range of interest if an ac¬ 
curate transfer function is to be maintained. (This requirement is 
explained in detail in the discussions of transfer functions for both 
the inverting and noninverting configurations.) For example, if a 
40-dB amplifier and a 60-dB amplifier are used in a 20-dB gain 
configuration and the open-loop gain is decreased 50 per cent in 
each case, the closed-loop gain of the 40-dB amplifier varies only 
9 per cent and that of the 60-dB amplifier varies only 1 per cent. 

The frequency roll-off characteristics are the prime deter¬ 
minants of the frequency response of an operational amplifier. The 
greater the rate of roll-off prior to the intersection of the feedback- 
ratio frequency characteristic with the open-loop response (in the 
active region), the more difficult phase compensation of the opera¬ 
tional amplifier becomes. An 18-dB-per-octave roll-off is generally 




Fig. 59 — Phase compensation of operational amplifier by use of 
Miller effect to modify open-loop response. (Mathematical relation¬ 
ships for this phase-compensation technique are shown on page 99.) 
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considered the maximum slope that can occur in the active region 
before proper phase compensation becomes extremely difficult or 
impossible to achieve (as indicated in the discussion on the effects 
of feedback phase shifts). In addition, because operational am¬ 
plifiers have useful applications down to and including unity gain, 
the active region of the amplifier may be considered as the entire 
portion of the frequency characteristic above its O-dB bandwidth. 
Therefore, a well-designed amplifier should roll off at no greater 
than 18 dB per octave until well below unity gain. 


Intrinsic Input and Output Impedances 

The ideal values for the input and output impedances of an 
operational amplifier are infinity and zero, respectively (as men¬ 
tioned in the discussions on input and output impedances for 
both inverting and noninverting configurations). The degree to 


Mathematical relationships for phase-compensation technique 
shown in Fig. 59 

Ao(a)) = uncompensated open-loop gain 
Ao'(co) = compensated open-loop gain 


Ao'(a)) = Ao(co) 





1 “f- jcoR^ C<^ 

1 + jojRc (1 + gmll Rc2) 


The 1 + j (o/wi term in the expression for Ao'(a>) accounts for 
the modification of the (Oi 3-dB corner. 


For 


R<^ C<f> = 

C 02 

and 

Ao(c<)) = — 

K 

\ / 


The expression for Ao'(o) becomes 


Ao'(co) ---- 

[1 + jco (1 + gn.li Rc2) Rc] 

A third corner frequency, which results from the time constant 
of R 0 and the feedback capacitance Cb/, is neglected in the ex¬ 
pression for Ao'(a)), because this comer frequency occurs well out 
of the active region. 
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which a practical amplifier approximates these values depends, 
for the most part, upon the application. A 5000-ohm open-loop 
input impedance may be quite sufficient for one application, while 
a 0.1-megohm intrinsic input impedance may not be sufficient for 
another. In most applications, however, the restrictions on the 
intrinsic input impedance are not severe. The closed-loop input 
impedance, which is equal to the product of the intrinsic input 
impedance and the gain “throwaway” or loop gain, is a more 
critical parameter. This parameter effectively increases the input 
impedance (decreases input capacitance) and is the reason that 
many operational amplifiers that have an input roll-off in the 
active region have no input roll-off in this region after negative 
feedback is applied. 

Because the closed-loop output impedance is also affected by 
the loop gain (the proportionality is inverse), the same conclu¬ 
sions might be drawn about the importance of the intrinsic output 
impedance. Another factor, however, affects the restrictions placed 
upon the open-loop output impedance. A limiting situation in an 
inverting-configuration application affords an alternate path to 
the signal when the intrinsic output impedance is sufficiently high. 
The loop gain decreases to zero as the open-loop gain decreases 
when overdrive occurs. Therefore, the closed-loop output im¬ 
pedance increases until it equals the intrinsic value at full limiting. 
Thus, the intrinsic output must be much less than the lowest prac¬ 
tical value of feedback impedance or an alternate signal path that 
effectively bypasses the limiting amplifier will exist through the 
feedback network. 

Common-Mode Rejection 

Under differential drive conditions, the common-mode rejec¬ 
tion has no drastic effects on the performance of the operational 
amplifier unless the rejection ratio is extremely low (as dis¬ 
cussed in respect to the effects of common-mode gain). However, 
in a common-mode drive situation, such as in a comparator type 
of application, high common-mode rejection is imperative. For 
example, if a 60-dB differential amplifier having a 50-dB common¬ 
mode rejection is used to compare a 1-volt signal against a 1-volt 
reference, the output will be 3.2 volts when it should be zero. 
Such results would be disastrous for almost any application of this 
type. In general, the common-mode rejection should be a minimum 
of 20 dB greater than the differential gain. 
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Input Bias Current 

Although an amplifier may have a high intrinsic input ac 
impedance, it can still require a significant amount of dc input bias 
current. This condition is undesirable in applications in which the 
drive source cannot accommodate a significant dc current. Ex¬ 
amples of such applications are those that require very high im¬ 
pedance sources or sources of a magnetic nature that can be 
severely unbalanced by a flow of dc current. Unfortunately, the 
bipolar transistor remedies for this effect add so much capacitance 
that the frequency response of the amplifier is impaired. There¬ 
fore, either field-effect devices should be used in the differential 
input stage or a scheme should be available to assure that a very 
low bias current is obtained when it is absolutely necessary. The 
latter technique requires that sufficient leads be provided so that 
two external transistors can be added to form a Darlington or a 
modified Darlington input configuration. 

Offset Voltage and Current 

The offset voltage of an operational amplifier is the deviation 
of the output dc level from the arbitrary input-output level usually 
taken as ground reference when both inputs are shorted together. 
The offset current is the deviation when the inputs are driven by 
two identical dc input bias-current constant-current sources. These 
two offset parameters are usually referred to the input because 
their output values are dependent on feedback. Under normal 
operating conditions, the offset in the amplifier results from a 
combination of the two factors. For example, if an operational 
amplifier has a 1-millivolt input offset voltage and a 1-microampere 
input offset current with the inputs returned to ground through 
1000-ohm resistors, the total input offset is either zero or 2 milli¬ 
volts depending upon the phase relationship between the two 
offset parameters. The offset of an operational amplifier is a dc 
error and should be minimized for numerous reasons, including 
the following: (1) The use of an operational amplifier as a true 
dc amplifier is limited to signal levels much greater than the offset. 
(2) Comparator applications require that the output voltage be 
zero (within limits) when the two input signals are equal and in 
phase. (3) In a direct-coupled cascade, such as a video amplifier 
chain, the input offset of the first stage determines the offset char¬ 
acteristics of the entire system. Hence, the gain of the system must 
be limited to a value that is insufficient to cause limiting at rated 
output voltage. This value is reduced when the offset is significant. 
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Power-Supply Stability 

The power-supply stability is a measure of the sensitivity 
that the offset has to power-supply variations. Because the value 
of the offset at the output is dependent on feedback, this sensitivity 
is normally referred to the input and expressed in microvolts per 
volt. In a fixed-installation application that employs heavily regu¬ 
lated power supplies, this parameter is of little importance. In 
battery-operated applications of the operational amplifier, how¬ 
ever, the sensitivity of the offset to power-supply variations is of 
the utmost importance. In a single-supply system, this sensitivity 
should be an absolute minimum. In a two-supply system, the 
difference in the sensitivities to each supply can be minimized 
because the supplies in many dual systems tend to track. This 
tracking results in a cancellation, or at least a partial cancella¬ 
tion, of the two sensitivities. 

Temperature-Stability Requirements 

Temperature stability of an operational amplifier requires 
stable thermal characteristics for most of the parameters discussed 
in this section. The stability demands imposed on the temperature 
characteristics of an operational amplifier are determined to a 
large extent by the application in which the circuit is used. In 
certain applications, stable temperature characteristics are of 
utmost importance; in other applications, the ability of the opera¬ 
tional amplifier to perform the required functions is not appre¬ 
ciably affected by variations in circuit parameters with temperature. 

In general, the dependence of the open-loop gain on tempera¬ 
ture is of less importance than the thermal behavior of the ampli¬ 
fier frequency response. Variations in the intrinsic input and 
output impedances with temperature are of little consequence pro¬ 
vided that the input impedance remains large enough and the 
output impedance remains small enough to satisfy the requirements 
of the application. If the value of the input bias current is im¬ 
portant for the application in which the operational amplifier is 
used, stable temperature behavior is just as important. Variations 
in the offset voltage and current with temperature should always 
be small because they directly affect the internal biases, and thus 
the operation, of the operational amplifier. 
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The basic differential-amplifier configuration in which a dif¬ 
ferential pair of transistors is fed from a controlled, constant- 
current source (transistor current-sink circuit) is the fundamental 
building block for the broad family of RCA linear integrated cir¬ 
cuits. Because of the exceptional versatility of these circuits, a 
single name cannot, in general, completely categorize any one of 
them. For convenience, however, each circuit is identified by a 
generic designation which is indicative of the basic functions for 
which it may be used. The generic names, together with the RCA 
type numbers, for the basic family of differential-amplifier (linear) 
integrated circuits are listed below: 


Descriptive Name 
DC Amplifier 
Audio Amplifier 
Video Amplifier 
IF Amplifier 
RF Amplifier 


RCA Type No. 

CA3000 

CA3007 

CA3001 

CA3002 

CA3004, CA3005, and 
CA3006 


In addition, the linear family of integrated circuits includes 
two operational amplifiers, RCA Types CA3008 and CA3010, 
which consist basically of a two-stage direct-coupled cascade of 
differential-amplifier circuits, together with an appropriate output 
stage. Cascaded direct-coupled differential amplifiers are also used 
as the basis for the design of four FM-if integrated circuits 
used to provide amplification, limiting, and FM demodulation in 
the sound channel of intercarrier television receivers and in FM 
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broadcast or communications receivers. These circuits include the 
CA3011 and CA3012 wide-hand amplifiers and the CA3013 and 
CA3014 amplifier-discriminators. 

PRACTICAL CONSIDERATIONS AND DESIGN FEATURES 

The basic differential amplifier, shown in Fig. 9, must be 
augmented by emitter followers to obtain the practical configura¬ 
tions used for the RCA linear integrated circuits. Emitter followers 
are required to compensate for the effects of monolithic capaci¬ 
tances. Output emitter followers are used to obviate the effects 
of the capacitance inherent in monolithic circuits between coupling 
capacitors and the substrate. A potential loss of video bandwidth 
because of the shunt capacitance between a capacitor plate and 
ground can be effectively negated by use of an emitter-follower 
voltage source to drive the capacitor plate. Input emitter follow¬ 
ers provide the high input impedance required for successful itera¬ 
tive operation (e.g., in if amplifiers) because of the small values 
(approximately 15 picofarads) of coupling capacitors. (The use 
of an emitter follower at one input requires the use of a second 
emitter follower at the other input to preserve the differential- 
amplifier balance.) 

Practical configurations of the differential-amplifier integrated 
circuits also include a suitable output stage which provides the 
required gain and output-impedance characteristics. In addition, 
it is often necessary to use external components to modify the 
responses and transfer functions of the basic circuits, as required 
for a particular application. 

RCA linear integrated cireuits are characterized by excellent 
gain characteristics, high common-mode rejection, temperature 
stability, and exceptional versatility. Moreover, the inherently 
matched pairs of components in the differential-amplifier configura¬ 
tion make possible excellent output-to-input isolation, eliminate 
the need for neutralization, and simplify feedback arrangements. 
The differential-amplifier configuration also permits easy access 
to external circuit points and thus facilitates circuit “outboarding.” 

The transistor constant-current-sink circuit, shown in Fig. 
46, contains built-in temperature-compensating networks that pro¬ 
vide gain and dc operating-point stability for the linear circuits. 
The temperature stability provided by the constant-current-sink 
circuit permits satisfactory operation of the linear integrated cir¬ 
cuits over the temperature range of —55°C to 125°C. 
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The amount of dc source current (lo) supplied to the emitters 
of the differential pair of transistors can be readily controlled by 
variation of the magnitude of the base-to-emitter voltage of the 
current-sink transistor. Because the current lo has a significant ef¬ 
fect on the transfer and transconductance characteristics and on 
the slopes of these characteristics, the use of the basic differential- 
amplifier configuration provides the linear integrated circuits with 
an inherent gain-control capability. 

In general, there are four possible operating modes for RCA 
linear integrated circuits. For a given circuit, each mode is charac¬ 
terized by a specific dc operating point and corresponding volt¬ 
age gain, both of which have a particular temperature dependence. 
The dc operating point and voltage gain of the circuit are depend¬ 
ent upon the value of resistance in the emitter circuit of the current- 
sink transistor. As shown in Fig. 46, either of two values may be 
selected. For either value of emitter resistance, it is possible to 
operate the circuit with or without the temperature-compensating 
diodes shown in Fig. 46. The temperature dependence of the dc 
operating point and the voltage gain is significantly different, de¬ 
pending upon whether the diodes are in or out of the circuit. 

The availability of four possible operating modes, together 
with the easy access that the differential-amplifier configuration 
provides to external circuit points, makes possible the exceptional 
versatility of RCA linear integrated circuits. These versatile cir¬ 
cuits are supplied in convenient, reliable packages, shown in Fig. 
60, which further increase their utility. With the exception of the 


.180 

MAX. 



Fig. 60 — Package configurations for the linear integrated circuits: 
(a) 10- or 12-terminal, low-silhouette, hermetically sealed TO-5 style 
package; (b) 14-terminal ceramic-and-metal flat-pack. 
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CA3008 operational amplifier, the linear integrated circuits are 
supplied in 10- or 12-terminal, hermetically sealed, low-silhouette 
TO-5 style packages. The CA3008 is supplied in a 14-terminal 
ceramic-and-metal flat package. 

INTEGRATED-CIRCUIT DC AMPLIFIER 

Fig. 61 shows the schematic diagram of the CA3000 dc am¬ 
plifier. This stabilized and compensated differential amplifier pro- 



Fig. 61—Schematic diagram of the CA3000 integrated-circuit dc 

amplifier. 

vides push-pull outputs, high-impedance (0.1-megohm) inputs, 
and gain of approximately 30 dB at frequencies up to 1 MHz. 
Its useful frequency response can be increased to several tens of 
megahertz by the use of external resistors or coils. 

The circuit, which is supplied in a 10-terminal TO-5 style 
package, is basically a single-stage differential amplifier (Q 2 and 
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Q4) with input emitter-followers (Qi and Q5) and a constant- 
current sink (Q3) in the emitter-coupled leg. Push-pull input and 
output capabilities are inherent in the differential configuration. 

The use of degenerative resistors R 4 and R 5 in the emitter- 
coupled pair increases the linearity of the circuit. The low-fre¬ 
quency output impedance between each output (terminals 8 and 
10 ) and ground is essentially the value of the collector resistors 
Ri and R 2 in the. differential stage. 

Operating Requirements and Characteristics 

The CAS000 is designed for operation from a wide range 
of supply voltages. Operation from either one or two power sup¬ 
plies is feasible, as illustrated by the typical biasing techniques 
shown in Fig. 62. However, operation from two supplies is recom¬ 
mended because fewer external bias networks are required and, 
therefore, less power is consumed. 

The maximum voltage that can be applied across the circuit 
(positive supply voltage Vcc plus negative supply voltage Vee) 
is 16 volts. The maximum voltage capability (Vce) of the differ¬ 
ential pair is limited to 8 volts. Extra care must be used to ensure 
that these values are not exceeded when the circuit is used to 
drive inductive loads. 

The operating-current conditions of the differential pair are 
determined by the base-bias circuit and emitter resistance of the 
emitter-coupled constant-current sink (Q3), as well as by the volt¬ 
age between terminals 2 and 3. Each possible current condition 
is manifested by ( 1 ) a distinct set of dc operating characteristics 
with differing temperature characteristics, ( 2 ) a particular value 
of gain having its own temperature dependence, and (3) a par¬ 
ticular dynamic output-voltage capability. For each value of volt¬ 
age between terminals 2 and 3 (Vee when terminal 2 is grounded). 


there are four possible operating modes, as 

described in Table 

Table III- 

-Operating Modes for CAS000 DC Amplifier 


Shorted 

Condition 

Qs Emitter 

Mode 

Terminals 

of Diodes 

Resistor 


none 

in 

R9 -j- Rio 

B 

5-3 

out 

R9 -j- Rio 

c 

4-3 

in 

Ro 

D 

5-4-3 

out 

Ro 
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The operating characteristics for these modes of operation are 
summarized in Table IV for various two-supply configurations with 
terminal 2 grounded and with Vee values of —3 and —6 volts dc. 





Vcc(+) 



* Connection of terminals 4 and 5 depends upon mode of operation. 


Fig. 62 — Typical biasing arrangements for the CA3000 for operation 
from (a) two separate voltage supplies, or (b), (c), and (d) a single 
voltage supply. 
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Table IV shows that the positive supply voltage can be ad¬ 
justed for each mode of operation and for each value of negative 
supply so that the nominal dc output voltage is zero. (Although 
the Vcc value required for mode C for a Vee of —6 volts dc is in 
excess of the maximum rating, operation within ratings can be 
achieved with slightly negative values of output voltage.) The use 

Table IV —Design Characteristics of CA3000 Operating Modes 


DC Supply Volts 
Positive Negative 

Vcc —yEE 

Opera¬ 

ting 

Mode 

Single- 
ended 
Mid-Band 
Voltage 
Gain — dB 

DC Output 
Volts (Term. 

8 or 10 to 
ground) 

Positive 

Voltage 

Swing 

Negative 

Voltage 

Swing 

Total Power 
Dissipation 
-mW 

6 

-6 

A 

31.2 

+2.3 

+3.7 

-3.8 

40 

6 

-6 

B 

27.3 

+4.3 

+1.7 

-5.7 

36 

6 

-6 

C 

34.6 

-1.5- 

+7.5 

0 

61 

6 

-6 

D 

32.4 

+1.0 

+5.0 

-2.4 

47 

3.7 

-6 

A 

31.2 

0 

+3.7 

-1.4 

33 

1.7 

-6 

B 

27.3 

0 

+1.7 

-1.4 

25 

10.6^ 

-6 

C 

34.6 

0 

+10.6 

-1.5 

83 

5.0 

-6 

D 

32.4 

0 

+5.0 

-1.5 

43 

3 

-3 

A 

27.5 

+1.2 

+1.8 

-2.6 

8.8 

3 

-3 

B 

16.6 

+2.6 

+0.4 

-4.1 

7.4 

3 

-3 

C 

32.6 

-1.5- 

+4.5 

0 

14 

3 

-3 

D 

24.4 

+1.9 

+1.1 

-3.3 

8.5 

1.8 

-3 

A 

27.5 

0 

+1.8 

-1.5 

7.2 

0.4 

-3 

B 

16.6 

0 

+0.4 

-1.5 

8.4 

5.3 

-3 

C 

32.6 

0 

+5.3 

-1.5 

19 

1.1 

-3 

D 

24.4 

0 

+1.1 

-2.6 

6.2 

tiax and Vo 

min afe the ac swing extremities above and below Vodc. 




A Over rating. ■ Saturated. 


of these adjusted values of positive supply provides two advan¬ 
tages: (1) direct interstage coupling can be effected in a single- 
ended configuration, and (2) negative feedback can be introduced 
from a single output back to the appropriate input. For low-level 
applications in mode D with a negative supply voltage Vee of —3 
volts dc and a positive supply voltage Ycc of 1.1 volts dc, the 
CA3000 has a gain of 24.4 dB, a dissipation of 6.2 milliwatts, an 
output capability of 2.2 volts peak-to-peak, and a dc output-voltage 
reference level of zero. 

The information in Table IV can be modified for single¬ 
supply designs by simple addition and/or subtraction of dc values. 
For example, the correct information for a single supply of 12 
volts dc for operating mode A can be obtained from the conditions 
shown in the table for mode A for Vrr ~ 6 Vdc and Vee = —6 
Vdc by the addition of 6 volts to the values shown for Vcc, Vee, 
Vodc, Voniax, and Vo„iin. (It should be noted that the required 
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voltage levels at the input terminals 1 and 6 and at terminal 2 are 
also 6 volts higher.) 

As mentioned previously, the four operating modes exhibit 
different temperature characteristics. Fig. 63 shows theoretical 
curves of dc output voltage as a function of temperature for each 
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Fig. 63 — Theoretical curves of dc output voltage as a function of 
temperature for negative-supply voltages of —3 and —6 volts dc 
(calculated for p = 35 at20°C). 

operating mode for negative supply voltages Vee of —3 and —6 
volts dc. The experimental curves shown in Fig. 64 are in excellent 
agreement with the theoretical curves except in the case of mode 




Fig. 64 — Measured curves of dc output voltage as a function of 
temperature for negative-supply voltages of —3 and —6 volts dc. 

C. In this mode, the differential-pair transistors Q 2 and Q 4 were 
driven into saturation as a result of the use of symmetrical sup¬ 
plies (Vcc = Vee) for the experimental data. The discrepancy 
could be corrected by use of somewhat higher values of positive 
supply voltage. 
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Fig. 65 shows theoretical curves of gain as a function of tem¬ 
perature for the four operating modes with Vee values of —3 and 
—6 volts dc. With the diodes in (modes A and C), the gain de¬ 
creases for both values of Vee. With the diodes out (modes B and 
D), on the other hand, the gain increases with temperature for 
a negative supply of —3 volts dc, but decreases with temperature 




Fig. 65 — Theoretical curves of gain as a function of temperature for 
negative-supply voltages of —3 and —6 volts dc (calculated for 
= 35at20°C). 
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for a negative supply of —6 volts dc. With the diodes out, there is 
a value of negative supply (approximately —4.5 volts dc) for 
which the gain is independent of temperature. Fig. 66 shows meas¬ 
ured values of single-ended and push-pull gain for mode A with 



Fig. 66 — Measured values of single-ended and push-pull gain for 
mode A operation with symmetrical power supplies of ±6 volts dc. 

symmetrical power supplies of ±6 volts dc. (This configuration 
is used in the remaining discussion because it provides the maxi¬ 
mum sinusoidal output capability, as shown in Table IV, and be¬ 
cause of the convenience of ±:6-volt dc supplies.) 

The typical single-ended voltage-gain/frequency-response 
curve of the CAS000 for dc supplies of ±6 volts in operating mode 
A is shown in Fig. 67, together with the test circuit used for volt¬ 
age-gain measurements. The responses of the CA3000 are virtually 
independent of source impedance up to 10,000 ohms because of 
the emitter-follower inputs. The curves in Fig. 68 show that gain 
and bandwidth are virtually independent of temperature for opera¬ 
tion in mode A with zi= 6 -volt dc supplies. 

Fig. 69 shows age characteristics for the CA3000 for an 
input frequency of 1 kHz, together with the age voltage-gain 
test circuit. When the age voltage at terminal 2 is varied from 0 
to —6 volts, the amplifier gain can be varied over a range of 90 dB. 

Fig. 70 shows the test circuit used to measure common-mode 
rejection, together with curves of common-mode rejection as a 
function of frequency and temperature. Typical rejection is 97 dB 
at a frequency of 1 kHz. Fig. 71 shows the test circuit used to 
measure the dc unbalance of the amplifier (referred to the input), 
together with a curve of the input offset voltage as a function of 
temperature. Typical input offset voltage (with an assumed push- 
pull differential gain of 37 dB) is 1.5 millivolts. Fig. 72 shows 
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Fig. 67 — Single-ended voltage gain of CA3000 as a function of 
frequency in test circuit shown. 


POSITIVE DC SUPPLY VOLTS IVcc) = + 6 
NEGATIVE DC SUPPLY VOLTS (V^^) = -6 










10 

OD 

■o 

1 









] 













FRE 

:e- 



R TE 

:mpe 

.R/ 

\T 

U 

RE 

Tfa 

)=- 

5 

5 

’C 



1 


NORMALIZED VOLTAGE GAIN (A 

1 1 1 

OJ M ± 

o o o o c 













12 

















j 



5 



25 













1 








































1 









[ 































































2 4 6 8 

2 4 6 8 

2 4 6 8 

2 4 6 8 


0.001 0,01 0.! I 10 

FREQUENCY—MHz 

Fig. 68 — Normalized gain-frequency curves for CA3000 at three 
different temperatures. 

curves of input bias current, input impedance, and dynamic out¬ 
put voltages as functions of temperature. 

Applications of the DC Amplifier 

The full gain-control capability inherent in the CA3000 
makes possible the use of this circuit as a signal switch (with 
pedestal), a squelchable audio amplifier (with suppressed switch¬ 
ing transient), a modulator, a mixer, or a product detector. When 
suitable external components are added, it can also be used as an 
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APPLIED DC VOLTAGE APPLIED TO TERMINAL 2 


Fig. 69 — AGC characteristics of CA3000 in test circuit shown at 
frequency of 1 kHz. 
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*A = SINGLE-ENDED VOLTAGE GAIN AS MEASURED 


IN CIRCUIT SHOWN IN FIG. 68 92CS-I2983RI 




TEMPERATURE—*0 


Fig. 70 — Common-mode rejection of CA3000 as a function of 
frequency and of temperature in test circuit shown. 












116 


RCA Linear integrated Circuit Fundamentals 



-75 -50 -25 0 25 50 75 100 125 150 


TEMPERATURE-®C 

Fig. 71 — Input offset voltage of CA3000 as a function of temperature 
in test circuit shown. 

oscillator, a one-shot multivibrator, or a trigger with controllable 
hysteresis. Within its specified frequency range, it is an excellent 
limiter, and can handle input signals up to about 80 millivolts rms 
before significant cross-modulation or intermodulation products 
are generated. Some of the applications of the CA3000 are dis¬ 
cussed below. 

Crystal Oscillator — The CA3000 can be used as a crystal 
oscillator at frequencies up to 1 MHz by connection of a crystal 
between terminals 8 and 1 and use of two external resistors, as 
shown in Fig. 73(a). The output is taken from the collector that 
is not connected to the crystal (in this case, terminal 10). If a 
variable-feedback ratio network is used, as shown in Fig. 73(b), 
the feedback may be adjusted to provide a sinusoidal oscillation. 
Output waveforms for both circuits are also shown. The frequency 
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Fig. 72 — Input bias current, input impedance, and dynamic output 
voltage of CA3000 as functions of temperature. 

in each circuit is 455 kHz, as determined by the crystal. The range 
of these crystal oscillators can be extended to frequencies of 10 
MHz or more by use of collector tuning. 

Modulated Oscillator — If a low-frequency signal is con¬ 
nected to terminal 2, as shown in Fig. 74, the CA3000 can func¬ 
tion as an oscillator and produce an amplitude-modulating signal. 
The waveform in Fig. 74 shows the modulated signal output pro¬ 
duced by the modulated oscillator circuit when a 1-kHz signal is 
introduced at terminal 2 and a high-pass filter is used at the output. 

Low-Frequency Mixer — In a configuration similar to that 
used in modulated-oscillator applications, the CA3000 amplifier 
may be used as a mixer by connection of a carrier signal at the 
base input of either differential-pair transistor (terminal 1 or 6) 
and connection of a modulating signal to terminal 2 or 5. 

Cascaded RC-Coupled Feedback Amplifier — The two-stage 
feedback cascade amplifier shown in Fig. 75 produces a typical 
open-loop mid-band gain of 63 dB. This circuit uses a 100-pico- 
farad capacitor Ci to shunt the differential outputs of the first stage. 
This capacitor staggers the high-frequency roll-offs of the ampli¬ 
fier and thus improves stability. 
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Fig. 73 — Schematic diagrams and output waveforms of (a) crystal 
oscillator and (b) crystal oscillator with variable feedback. 

6 V 



Fig. 74 — Schematic diagram and output waveform of CA3000 
modulated oscillator. 
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Fig. 75 — Cascaded RC-coupled feedback amplifier using two CA3000 

circuits. 

The gain-frequency characteristic of the feedback amplifier 
is shown in Fig. 76(a) for a feedback resistance Rf approaching 
infinity. The low-end roll-off of the amplifier is determined by the 
interstage coupling. Because age may be applied to the first stage, 
the amplifier of Fig. 75 may be used in high-gain video-age appli¬ 
cations under open-loop conditions. If feedback is used to control 
the gain, age may still be applied successfully. 

Fig. 76(b) shows the age characteristics for the two-stage 
amplifier under open-loop and two closed-loop conditions at a 
frequency of 1 kHz. As shown in Fig. 76(a), the open-loop band¬ 
pass is 18 Hz to 135 kHz; under closed-loop conditions, the band¬ 
pass is 1.3 Hz to 2 MHz for 40-dB gain and 0.13 Hz to 6.6 MHz 
for 20-dB gain. The negative feedback thus improves low- 
frequency performance sufficiently so that the use of the small 
coupling capacitors Co and C 3 involves little sacrifice in low- 
frequency response. If three or more CA3000 amplifiers are cas¬ 
caded, the low-frequency roll-offs must be staggered as well as 
those at the high end to prevent oscillation. A three-stage cascade 
has a midband gain of approximately 94 dB. 

Narrow-Band Tuned Amplifier — Because of its high input 
and output impedances, the CA3000 is suitable for use in parallel 
tuned-input and tuned-output applications. There is comparative 
freedom in selection of circuit Q because the differential amplifier 
exhibits inherently low feedback qualities provided the following 
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FREQUENCY —Hz 
la) 



(b) 

Fig. 76 — Gain-frequency (a) and age (b) characteristics of feedback 
amplifier shown in Fig. 75. 

conditions are met: (1) the collector of the driven transistor is 
returned to ac ground and the output is taken from the non-driven 
side, and (2) the input is adequately shielded from the output 
by a ground plane. 

The CA3000 has an output capacitance of approximately 
9 picofarads at a frequency of 10 MHz. This capacitance will 
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resonate a 28-microhenry coil at this frequency and give a mini¬ 
mum Q of 4.55 when the collector load resistor is the only sig¬ 
nificant load. With this low Q, stagger tuning may be unnecessary 
for many broad-band applications. 

Fig. 77 shows the CA3000 in a narrow-band, tuned-input, 
tuned-output configuration for operation at 10 MHz with an input 
Q of 26 and an output Q of 25; the response curve of the ampli¬ 
fier is also shown. The 10-MHz voltage gain is 29.6 dB, and the 
total effective circuit Q is 37. There is very little feedback skew 
in the response curve. The CA3000 can be used in tuned-amplifier 
applications at frequencies up to the 30-MHz range. 

Schmitt Trigger — The CA3000 can be operated as an ac¬ 
curate, predictable Schmitt trigger provided saturation of either 
side of the differential amplifier is prevented (hysteresis is less pre¬ 
dictable if saturation occurs). Non-saturating operation is ac¬ 
complished by operation in mode B (terminals 3 and 5 shorted 
together) in the configuration shown in Fig. 78. Large values are 
required for external resistors Ri and R 2 because they receive the 
total collector current from terminal 10. Because of the high im¬ 
pedances, resistor R 2 is actually a parallel combination of the 
input impedance (approximately 0.1 megohm) of the CA3000 
and the 0.25-megohm external resistor. The Schmitt-trigger design 
equations (for ce = 1) are summarized below. In these equations, 
Q 2 and Q 4 are the differential-pair transistors, Qi and Q 5 are the 
emitter-follower transistors, and Q 3 is the constant-current sink. 

State I: Q 2 off, O 4 conducting (not saturated) 


Vcc (R 2 ) - Vee (Ri + 8000) 
Ri -|- R 2 T" 8000 


where 8000 ohms is the output impedance of Q 4 (obtained from the 
published data). For Ri = 27000 ohms and Vcc = Vee = 6 Vdc, 

6 V (R 2 ) - 6 V (35000) 

V 6 t —-(A) 

R 2 + 35000 


R 2 — (Ri “h 8000) 


Vee + Vei 
Vcc - Vei 


R 2 = (35000) 


6V + Vei 
6V - Vei 


(B) 
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+6Vdc 
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Fig. 77 — Schematic diagram and response curve for 10-MHz tuned- 
input, tuned-output, narrow-band amplifier using CA3000. 
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+ 6V 



Fig. 78 — Schematic diagram for Schmitt trigger using CA3000. 

Vsi = Vcc ~ Ie (8000) 

where Ie = collector current of transistor Qs (Ie — 0.48 milli- 
ampere in operating mode B with Vee = —6 volts dc.) 

Vsi = 2.14 V (C) 

Vfi = Firing voltage for transition from state I to 
state II 

Vfi = Vei - 0.053 - 100 Ie at 25°C 

Vfi = Vei - 0.101 V at 25°C (D) 

State II: Q 2 conducting (not saturated), Q 4 off 

Vsii = Vcc 

Ysu = 6 V (A) 


(Vcc — Ie 8000) R .2 — Vee (Ri ~t" 8000) 

V 6rT = - 

Ri + R 2 + 8000 

y ^ 2.14 V (R 2 ) - 6 V (35000) 

R 2 + 35000 

Vfji = Firing voltage for transition from state II 
back to state I 

Vfii = Veil + 0.053 + 100 Ie at 25°C 
Vfii = Veil + 0.101 V at 25°C 


(C) 
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Hysteresis Voltage 

VhYS = Vfi “ Vfii 


3.86 V (R 2 ) 
R 2 + 35000 


0.202 V at 25°C 


From the calculations for state I, it is evident that either or 
R 2 must be a known design value. Because R 2 is a composite value, 
Vei is the more reasonable choice. The ability of these equations 
to predict the Schmitt-trigger performance is evidenced by the 
comparison of calculated and experimental data in Table V. 


Table V —Comparison of Calculated and Experimental Data 
for Schmitt Trigger 


Condition 

Parameter 

Calculated 

Experimental 

1) V6i=r-2V 

Mn 

-2.1V 

-2.2 V 


Vf„ 

-3.19 V 

-3.2 V 


Vhys 

+1.09 V 

+1.0 V 

2) Vei = -1 V 

Vfi 

-1.10 V 

-1.0 V 


Vfit 

-2.51 V 

-2.45 V 


Vhys 

+1.41 V 

+1.4 V 

3) Vei = 0 

Vfj 

-0.101 V 

0 


Vfii 

-1.83 V 

-1.8 V 


Vhys 

+1.73 V 

+1.8 V 

4) Vei = +1 V 

Vf, 

+0.9 V 

+1.0 V 


Vfii 

-1.15 V 

-1.0 V 


Vhys 

+2.1 V 

+2.0 V 

5) Vo, = +2 V 

Vf, 

+1.9V 

+2.0 V 


Vfi, 

-0.472 V 

-0.5 V 


Vhys 

+2.43 V 

+2.4 V 


INTEGRATED-CIRCUIT AUDIO AMPLIFIER 

The CA3007 audio driver, shown in Fig. 79, is a balanced 
differential configuration with either a single-ended or a differen¬ 
tial input and two push-pull emitter-follower outputs. The circuit, 
which is intended for use as a direct-coupled driver in a class B 
audio amplifier, exhibits both gain and operating-point stability 
over the temperature range from —55 to 125°C. The CA3007 is 
an excellent controlled-gain audio driver for systems requiring 
audio squelching. The audio-driver circuit is available in a 12- 
terminal TO-5 style low-silhouette package. 

The input stage of the CA3007 consists of a differential pair 
of transistors (Qi and Q 2 ) operating as a phase splitter with gain. 
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92CM-I3342 


Fig. 79 — Schematic diagram of the CA3007 audio driver. 

The two output signals from the phase splitter, which are 180 de¬ 
grees out of phase, are direct-coupled through two emitter-follow¬ 
ers (Q 4 and Q5). The emitters of the differential pair are connected 
to the transistor constant-current sink Q 3 . 

The diodes in the bias circuit of the transistor constant- 
current sink make the emitter current of Q 3 essentially dependent 
on the temperature coefficient of the diffused emitter resistor R3. 
Because the diffused collector resistors R 15 and Rie should have 
identical temperature coefficients, constant collector-voltage oper¬ 
ating points should result at the collectors of transistors Qi and Q 2 . 
However, the quiescent operating voltages at the output terminals 
8 and 10 increase as temperature increases because the base- 
emitter voltage drops of transistors Q 4 and Qs decrease as tempera¬ 
ture increases. This small variation in the output quiescent operating 
voltage is sufficient to cause a large variation in the standby cur¬ 
rent of a class B push-pull output stage when the audio driver and 
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the output stage are direct-coupled. Resistors Rn, R12, R13, and 
Ri 7 and transistor Qo form a dc feedback loop which stabilizes the 
quiescent operating voltage at output terminals 8 and 10 for both 
temperature and power-supply variations so that variations in the 
output operating points are negligible. 

Resistors Ri, R 7 , Rg, and R 14 form the input circuit; a 
double-ended input is applied to terminals 1 and 5, and a single- 
ended input is applied to either terminal 1 or terminal 5, with the 
other terminal returned to ground. The CAS007 must be ac- 
coupled to the input source. In addition, any dc resistance between 
terminal 1 and ground should be added between terminal 5 and 
ground. Output power-gain stabilization for a direct-coupled driver 
and output stage is accomplished by means of an ac feedback loop 
that connects terminals 7 and 11 to the proper emitters of the push- 
pull output stage, as shown in Fig. 80. 



Fig. 80 — CA3007 used as an audio driver for a direct-coupled 
300-milliwatt audio amplifier. 

Connection of voltage supplies to the CA3007 audio driver 
requires that the most positive voltage be connected to terminal 9 
and the most negative voltage to terminal 3 (internally connected 
to the substrate and the case). The CA3007 may be operated 
from various supplies and at various levels. Operation from either 
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a single supply (as shown in Fig. 81) or from dual power sup¬ 
plies (as shown in Fig. 80) is feasible. For dual-supply operation, 
symmetrical supplies must be used if the audio driver is to be 



Fig. 81 — CA3007 used as an audio driver for a 30-milliwatt audio 

amplifier. 

direct-coupled to the audio output stage. For single-supply opera¬ 
tion, the audio driver must be ac-coupled to the audio output 
stage, and the number of external components required increases. 

For operation from either single or dual supplies, the operat¬ 
ing current in transistor Q 3 is determined by the bias voltage be¬ 
tween terminals 2 and 3. The more negative terminal of this bias 
voltage must be connected to terminal 3. For dual-supply systems, 
terminal 2 is either grounded or connected to a trigger circuit for 
audio-squelching purposes. 

Fig. 80 shows the CA3007 used as a dual-supply audio driver 
in a direct-coupled audio amplifier. This amplifier provides a power 
output of 300 milliwatts for an audio input of 0.3 volt rms (Vcc 
= 6 volts, Vee = —6 volts, V = 30 volts). For a voltage V of 
6 volts, the output power is 10 milliwatts without transformer 
optimization; the use of a lower-impedance transformer would 
permit power outputs in the order of 100 milliwatts. 

The external resistor R connected between terminals 3 and 
4 is used to set the class B output-stage standby current as re¬ 
quired for a particular application. If the standby current is too 
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low, crossover distortion will result; if it is too high, standby power 
drain will be excessive. Decreasing the value of resistor R reduces 
the standby current; for a standby current of 10 milliamperes, R 
is typically 10,000 ohms. 

Terminal 2 must be grounded or, if an audio squelch is de¬ 
sired, must be connected to a positive voltage supply of 5 volts 
minimum. When terminal 2 is near ground, the audio amplifier 
functions normally. When terminal 2 is at 5 volts, the differential 
pair of the audio driver saturates, and the push-pull output stage 
is cut off. The squelch source must be capable of supplying a cur¬ 
rent of 1.5 milliamperes in the 5-volt condition, and 0.75 milli- 
ampere in the near-ground condition. 

For a symmetrical audio driver, there is no ac signal present 
at the base of transistor Qg. However, unbalances between the two 
halves of the circuit may require that the base of Qe be bypassed 
for proper operation. The base of Qg may be bypassed by connec¬ 
tion of an external capacitor (typically 50 microfarads, 6 volts) 
from terminal 12 to ground. Bypassing is usually not required 
unless high undistorted power outputs are required over the com¬ 
plete temperature range of —55 to 125°C. 

Table VI shows values of harmonic distortion and intermodu- 
laton distortion for the amplifier of Fig. 80. 

Table VI —Distortion Measurements for Direct-Coupled Amplifier 
Shown in Fig. 80 


Harmonic Distortion 


Power 



Output 



(mW) 

2 kHz 

4 kHz 


Togo 


140 

1500 

18 

250 

2000 

25 

330 

2300 

27 


Output-Signal Level (mV rms) 
with 2-KHz Input Signal 


6 kHz 

8 kHz 

IcT 

_ 

4.0 

2.0 

4.2 

5.0 

6.0 

9.0 


1 kHz 

12 kHz 

Harmonic 

Distortion 

(%) 

_ 

_ 

0.95 

1.4 

1.0 

1.24 

1.0 

1.5 

1.30 

3.0 

2.0 

1.27 


Intermodulation Distortion 

Output-Signal Level: 

at fi (2 kHz) . 

at h (3 kHz) . 

at 2f2-fi (4 kHz) . 

3rd-0rder IMD . 


1000 mV rms 
1000 mV rms 
0.7 mV rms 
0.07 % 


Fig. 81 shows the CA3007 used as a single-supply audio 
driver in a capacitor-coupled audio amplifier. This amplifier pro¬ 
vides a power output of 30 milliwatts for an audio input of 6.5 
millivolts rms (Vcc = 9 volts) with the transformer shown. 
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The connection shown in Fig. 81 still represents a differen¬ 
tial-pair phase splitter fed from a constant-current transistor. The 
two output signals from the phase splitter are direct-coupled 
through two emitter-followers which are capacitor-coupled to the 
push-pull output stage. Because of the ac coupling, there is no 
longer a dc dependence between the driver and the output stage, 
and any desired audio output design or drive source may be used. 
As a single stage, the CA3007 audio driver provides a voltage gain 
of 24 dB for a dc power dissipation of 20 milliwatts with the 
harmonic distortion reaching 3 per cent for outputs of 0.6 volt 
rms at terminals 8 and 10 (without feedback). 

Both dc and ac feedback loops are eliminated in the circuit 
of Fig. 81. Although the dc feedback loop is no longer required 
because of the ac coupling, removal of the ac feedback loop causes 
the output power gain to decrease about 1 dB for a 50°C rise in 
temperature. 

INTEGJATED-CIRCUIT VIDEO AMPLIFIER 

The :CA3001 (integrated circuit, shown in Fig. 82, is designed 
for use in"™intermediate-fre^^ or videp^ a mplifi ers at frequen¬ 
cies up to 20 MH z and in Schmitt-trigger applications. This inte¬ 
grated circuit can be gated, and gain control can be applied. The 
CA3001 is available in a 12-terminal TO-5 style low-silhouette 
package. ' “ 

The circuit consists of a differential of transistors, Q 3 
and Qs, the current of which is controlled by a constant-current 
transistor Q 4 . Transistors Qi, Q 2 , Qe, and Qj are operated in the 
common-collector configuration to provide a high -i mpedance input 
and low-impedance o u tput. Thus, the CA3001 provides double- 
ended inp ut and output, and can be iteratively connected with 
low- valu^coupling capacito rs. The high-frequency response of the 
circuit is determined primarily by the resistance and capacitance 
in the collectors of the differential pair Q3 and Q5. 

Biasing Requirements and Operating Modes 

When voltage supplies are connected to the CA3001, the 
most positive voltage must be connected to terminal^ and the most 
negative voltage to terminal 3 (internally connected to the sub- 
sfrate and the case). For typical operation, terminals 2 and 10 
are returned to groun d. If desired, however, automatic gain con¬ 
trol can be applied to terminal 2 , and termin al 10 c an be con¬ 
nected to the n egative s upply to' ^ermit lar ger negati ve-goin g output 
swings in the output transistors. 
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Fig. 82 — Schematic diagram of the CA3001 video amplifier. 

The CA3001 may be operated with various supplies and at 
various levels. Operation from either a single supply or dual sup¬ 
plies is feasible, as shown in Fig. 83. When dual supplies are used, 
they may be either symmetrical or non-symmetrical. The use of 
separate positive and negative supplies minimizes the need for 
external components, as shown in Fig. 83(a). For single-supply 
applications, a resistor divider and a bypass capacitor must be 
added, as shown in Fig. 83(b). 

When dual supplies are used, the inputs (terminals 1 and 6) 
are returned to ground through equal external resistors (t he maxi¬ 
mum recommended value of R is 3300 ohms for linear operation). 
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Vcc 



Fig. 83 — Circuit connections for the CA3001 for (a) separate 
positive and negative voltage supplies, and (b) a single supply. 

The current through the resistor divider Ri and should be 
greater tha n 1.5 milliampere s. For either snipe or dual supplies, 
the o perat ing c urrent in tr ansistor Q 4 is determined by the operat¬ 
ing mode. For any given bias voltap, four operating modes are 
possible, as described in Table VII. Each mode is characterized 
by a distinct operating current and a corresponding voltage gain, 
both of which have a particular temperature dependence. 


Table VII- 

—Four Possible Operating Modes for 

CA3001 Amplifier 

Operating 

Shorted 

Condition 

0^ Emitter 

Mode 

Terminals 

of Diodes 

Resistor 

A 

none 

in 

Rio -f- Rii 

B 

5-3 

out 

Rio -j" Rii 

C 

4-3 

in 

Rio 

D 

5-4-3 

out 

Rio 


Table VIII shows typical design performance characteristics 
for the four operating modes of the CAS001 at room temperature. 
The output operating point and voltage gain of the circuit are 
reasonably independent of resistor value, but the current and power 
dissipation may vary with resistor values. Figs. 84 and 85 show 
theoretical curves of output operating point and voltage gain, re¬ 
spectively, as functions of temperatur e for nomina l resistor values 
with supply voltage Vee of —3 and y /-6 volts^dc^ The volta ^ b^- 
tween terminals 8 and 9 or terminals 11 and 9 is denoted byjV^ 
Because the variation of voltage gain and operating point with 
temperature is small for all operating modes, the choice of mode 
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depends on application requirements. With a supply voltage Vee 
of —4.5 volts, voltage-gain variation is normally less than 0.5 dB 
for all operating modes over the temperature range of —55 to 
125°C. 


Table VIII —Typical Design Performance Characteristics for the 
CA3001 Amplifier (terminals 2, 10, 6, and 1 referenced to 
ground) at 25°C 


Opera¬ 

ting 

Mode 

Supplies 

(±V) 

Output 

Operating 

Volts 

(Term. 

8 and 11 
to ground) 

Positive 

Supply 

Current 

(mA) 

Negative 

Supply 

Current 

(mA) 

Power 

Dissi¬ 

pation 

(mW) 

Single- 

Ended 

Voltage 

Gain 

at 1 MHz 
(dB) 


6 

4.3 

8.4 

-4.7 

79 

15.5 

B 

6 

4.8 

7.8 

-3.9 

70 

12.7 

c 

6 

2.8 

9.9 

-7.9 

106 

17.8 

D 

6 

4.1 

8.7 

-5.5 

85 

16.4 

A 

4.5 

3.0 

6.0 

-3.4 

43.6 

14.6 

B 

4.5 

3.4 

5.6 

-2.7 

37.6 

10.0 

C 

4.5 

2.0 

7.2 

-5.8 

58.4 

17.7 

D 

4.5 

2.9 

6.0 

-3.7 

43.6 

15.5 

A 

3 

1.8 

3.7 

-3.9 

22.6 

13.0 

B 

3 

2.1 

3.3 

-1.4 

14.3 

3.8 

C 

3 

1.0 

4.4 

-3.7 

25.5 

16.4 

D 

3 

2.0 

2.4 

-1.9 

13.0 

10.8 



Fig. 84 — Output operating point of the CA3001 (normalized to the 
25 °C operating point) as a function of temperature for Vee supplies 
of —3 and —6 volts dc. 
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TEMPERATURE- *0 



TEMPERATURE--*C 


Fig. 85 — Voltage gain of the CA3001 (normalized to the 25°C 
gain) as a function of temperature for Vbe supplies of —3 and —6 

volts dc. 

Frequency Response 

When the CA3001 video amplifier is used in cascade, its 
high-frequency response is determined primarily by the RC roll¬ 
off at the collectors of the differential pair Qs and Q 5 . The gen¬ 
erator source resistance may affect high-frequency bandwidth; for 
full bandwidth capability, the parallel combination of source re¬ 
sistance and base-bias resistance should not exceed 800 ohms. The 
low-frequency response is determined by the coupling capacitor 
and the base-bias resistance value. 

Fig, 86 shows the circuit used for evaluation of frequency re¬ 
sponse of the CA3001, together with the response characteristics 
obtained. The circuit is operated in mode C with supplies of ±6 
volts. The 50-ohm generator simulates the frequency and gain be¬ 
havior for iterative operation. The curves of Fig. 86 show the 
measured response characteristics with terminal 6 bypassed and 
unbypassed. When terminal 6 is bypassed, the voltage gain is down 
3 dB at 16 MHz, and is greater than 10 dB through 30 MHz. 
When the non-driven input (terminal 6 in the circuit shown) is 
not bypassed, the gain decreases more rapidly as a result of the 
feedback capacitance between terminals 7 and 6 . This feedback 
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-1-6 VdC 




Fig. 86 — Frequency response of the CA3001 as a function of capaci¬ 
tor Cl in the test circuit shown with terminal 6 bypassed and 

unbypassed. 

can be minimized by use of short leads andinto-temunal shield¬ 
ing. A sEI^ing metho d is to gr o und t erminaiCD 

The high-frequency roll-olf of the CA3001 is a function of 
the values of resistors Rg and R 9 in Fig. 82 and their variation with 
temperature. Fig. 87 shows the effect of temperature on high-fre¬ 
quency response. The variation in response can be accounted for 
by the resistance variation with temperature; capacitance variations 
with temperature are a secondary effect. 

The internal capacitors provided at the outputs of the 
CA3001 (Cl and C 2 in Fig. 82) can be used for coupling circuits 
in cascade for narrow-band applications. Because the value of these 
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Fig. 87 — High-frequency 3-dB bandwidth of the CA3001 as a 
function of temperature. 

capacitors is small, the external base-bias resistors shown in Fig. 
85 should be increased from 1000 to 3300 ohms to improve low- 
frequency response. Fig. 88 shows the response characteristics for 
a single stage in which the input is applied to terminal 1 from a 
50-ohm generator through a capacitor (equal in value to Ci in 
Fig. 82), and the voltage gain is measured from the generator to 
output terminal 8. Because this arrangement simulates single- 
ended operation, the results can be applied directly to iterative 
operation. 

The voltage division between the input capacitance and the 
coupling capacitor causes a reduction in voltage gain at all fre¬ 
quencies. The feedback capacitance from output to input also af¬ 
fects the gain performance, as shown in Fig. 88. 



FREQUENCY—MHz 


Fig. 88 — Response characteristics of a CA3001 amplifier with 
capacitor-coupled input. 
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Input and Output Impedances 

Fig. 89 shows the parallel input resistance and capacitance 
of the CA3001 as a function of frequency. The input capacitance 
is constant until it begins to decrease at high frequencies. The input 



Fig. 89 — Parallel input resistance and capacitance of the CA3001 
as functions of frequency. 

resistance decreases through the frequency range from 0.1 to 10 
MHz. Because the input resistance is high in comparison with the 
external base-bias resistors used (3300 ohms maximum), the 
high-frequency response characteristic of the input is determined 
by the driving-source resistance, the base-bias resistors, and the 
parallel input capacitance. 

The parallel output resistance of the CA3001 is low (approxi¬ 
mately 70 ohms), and the output reactance is sufficiently high to 
provide little or no degradation of frequency response through 
the usable frequency range. 

Noise Figure 

Fig. 90(a) shows noise figure as a function of frequency for 
a 1000-ohm source. The 1/f noise corner occurs at approximately 
30 kHz; above this frequency, the noise figure remains flat at 
approximately 5 dB to 6 MHz, and then begins to rise. 

Fig. 90(b) shows noise figure as a function of source re¬ 
sistance for frequencies of 1.75 and 12 MHz. For stages in which 
noise performance is important, the source resistance should not 
be less than 500 ohms because of the rapid rise in noise figure at 
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lower values. The noise figure of the CAS001 increases when non- 
driven base-bias resistors are unbypassed. For stages in which 
noise performance is important, the external resistor on an input 
base that is not receiving the signal must be bypassed if minimum 
noise figure is to be achieved. 



SOURCE RESISTANCE —OHWS 

Fig. 90 — Noise figure of the CA3001 as a function of frequency and 
source resistasnce. 

Gain Control 

AGC can be applied to the CA3001 at terminal 2 for any of 
the four operating modes. Fig. 91 shows representative age char¬ 
acteristics for modes C and D at a frequency of 1 MHz. The 
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threshold voltage is higher in mode C than in mode D because of 
the difference in the base-bias circuit for the constant-current sink 
transistor (Q 4 ). 



AGC VOLTS APPLIED TO TERMINAL 2 

Fig. 91 —AGC characteristics of the CA3001 in modes C and D at 

1 MHz. 

The age range is dependent on frequency at high frequen¬ 
cies because the feedthrough parameters are primarily capacitive; 
therefore, it should eventually decrease at a rate of approximately 
20 dB per decade. The average measured age range at 10 MHz is 
62 dB, and is 15 dB less than that at 1 MHz. 

Common-Mode Rejection 

Fig. 92(a) shows the common-mode rejection of the CA3001 
as a function of temperature at a frequency of 1 kHz. The com¬ 
mon-mode rejection increases with increasing temperature; a typi¬ 
cal value at 25°C is 70 dB. 

Because the CA3001 can be used in many applications with 
a single-ended output at high frequencies, both the single-ended 
differential gain and the single-ended common-mode gain are of 
considerable interest. Fig. 92(b) shows both single-ended com¬ 
mon-mode and differential-mode gain as functions of frequency. 
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The common-mode gain is a function of the impedance ratio be¬ 
tween the constant-current transistor (Q4) and the load resistor 
in one side of the differential pair (Q 3 or Or>). The common-mode 
gain increases with increasing frequency. 

The common-mode rejection is degraded if sufficient signal 
is applied to saturate the constant-current transistor (Q4). The 





FREQUENCY —MHz 


Fig. 92 — Common-mode rejection and voltage-gain characteristics 
of the CAB 001 as a function of temperature and frequency. 
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maximum peak-to-peak input voltage without degradation of 
common-mode rejection is a function of the voltage supplies and 
the operating mode of the constant-current transistor. 

Harmonic Distortion and Swing Capability 

When equal positive and negative supplies are used, operat¬ 
ing mode C provides the largest swing capability because the out¬ 
put operating point is approximately centered. With voltage 
supplies of ±6 volts dc at a frequency of 1 MHz, the single-ended 
output is 1.3 volts rms for 3-per-cent distortion in mode C and 
0.665 volt rms in mode D. 

The signal-swing capability was also evaluated as a function 
of temperature in mode C with voltage supplies of ±6 volts dc. 
For 3-per-cent distortion, an output swing of 1.2 volts rms can 
be obtained over the complete temperature range from 25 to 
125°C. 

For pulse-type signals, the total possible swing capability is 
important. The voltage at the collectors of the differential pair may 
rise to the positive supply voltage, Vco, and fall to the saturation 
level. If the bases of the input emitter-followers are maintained 
at zero potential, the emitters of the differential pair are negative 
by twice the base-to-emitter voltage drop, Vbe, or approximately 
— 1.4 volts. If the saturation voltage is assumed to be 0.2 volt, the 
collectors drop to about —1.2 volts before saturation. Therefore, 
the total swing available at the collectors is approximately Vcc + 
1.2 volts; for a Vcc of 6 volts, the swing is 7.2 volts. The output 
voltage swing is lower than this value by Vbe, or from 5.3 to —2.0 
volts'. This total swing capability can be realized only when the 
resistors Ri and Ris (terminal 10) are returned to the negative 
supply voltage (terminal 10 shorted to terminal 3). Selection of 
the operating point to obtain most of the available total swing in 
one direction involves proper choice of the operating mode and 
the negative supply voltage. 

Cascade Operatio n 

Over-all performance characteristics for three CA3001 stages 
operated in cascade are shown in Fig. 93. The need for supply 
decoupling is minimized by the symmetry of the circuit, which en¬ 
sures equal and out-of-phase currents in the supply leads. Three 
circuits in close proximity can provide stable over-all gains of 
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approximately(^65 dl^ A further advantage of the CA3001 in cas¬ 
cade is that a gain increase of 6 dB accrues each time a double- 
ended output is used. 



Fig. 93 — Three-stage CA3001 cascade amplifier and frequency- 
response characteristics. 
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Table IX and Fig. 93 show the performance of the CA3001 
in the three-stage cascade circuit for various values of supplies and 
coupling capacitors. The only advantage of zb 6-volt supplies as 
compared to zb4.5-volt supplies is a larger output-swing capability. 


Table IX —Performance of CAS001 Cascade Amplifier shown in 




Fig. 93 




Coupling Capacitor 


0.02 nT 

100 pF 



Voltage Supplies 

1 =^6 

1 

±4.5 

±6 

±4.5 

Vdc 

Power Dissipation 
Single-Ended-Output ^ 

1 

1 276 

1 

i 146 

276 

146 

mW 

Mid-Band Gain i 

1 64.5 

i 

^ 63 

60.5 

57.5 

dB 

3-dB Response: Upper 

, 9 


i 9 

10.5 

10.5 

MHz 

Lower , 

1 0.0125 


' 0.0125 

1.9 

1.9 

MHz 

AGC Range I 

Output Signal for 

(65 , 

j 

63 

61 

59 

dB 

3-per-cent Distortion 

Input Signal for 3-dB i 

1.3 

1 

1.15 

1.15 

0.7 

Vrms 

Signal-to-Noise Ratio 1 

26 

_ 

14 

20 

18.5 

^Vrms 

The use of zb4. 5-volt supplies entails 

no sacrifice 

in bandwidth 


and little gain loss, and provides a saving in power dissipation of 
almost 2 to 1. Better signal-to-noise performance can be achieved 
with no change in bandwidth if a higher value of source resistor 
is used (e.g., 800 ohms, rather than the value of 50 ohms shown 
in Fig. 93). The age range of the cascaded circuit was 10 dB less 
than that for an individual circuit because no interstage shielding 
was provided and double-ended output was not used. 

The CA3001 was also evaluated in a three-stage cascade ar¬ 
rangement in which the internal capacitors were used for coupling. 
The circuit diagram for this evaluation is shown in Fig. 94, and 
the measured characteristics are shown in Table X and Fig. 94. 


Table X —Performance of CAS001 Cascade Amplifier shown in 

Fig. 94 


Operating Mode 

c 


Voltage Supplies 

±6 

Vdc 

Power Dissipation 

276 

mW 

Single-Ended-Output 

Mid-Band Gain 

51.5 

dB 

3-dB Response: Upper 

11.3 

MHz 

Lower 

1.8 

MHz 

Output Signal for 

3-Der-cent Distortion 

0.85 

Vrms 

Input Signal for 3-dB 

Signal-to-Noise Ratio 

19 

^Vrms 
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Fig. 94 — Three-Stage CA3001 cascade amplifier using internal 
capacitors for coupling and frequency-response characteristics. 

Schmitt-Trigger Operation 

The CAS 001 has an advantage in Schmitt-trigger applications 
because the emitter-follower outputs isolate the impedances of the 
feedback loop from the differential stage. These outputs are also 
capable of driving low-impedance loads. When symmetrical power 
supplies of up to ±6 volts are used, the CAS001 operates with¬ 
out saturation of the basic differential pair (Q3 and Q5). For each 
of the four operating modes, a complete offset at the input that 
causes all the sink-transistor current to pass through either Q 3 or 
Qs does not bring these transistors into saturation. As a result, un¬ 
certainties resulting in hysteresis prediction caused by storage time 
are eliminated. 
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When the CAS001 is connected as a Schmitt trigger, as shown 
in Fig. 95, the firing points can be changed by adjustment of the 
•resistor R 2 . This resistor value effectively sets the voltage at the 


+6 Vdc 



Fig. 95 — CA3001 Schmitt trigger. 

input terminal 6 and requires that the input firing voltage at termi¬ 
nal 1 approach this value to obtain trigger action. The hysteresis 
voltages obtained for various trigger levels in the circuit of Fig. 
95 are shown in Table XL 

Table XI —Performance Data for CA3001 Used as a 
Schmitt Trigger 


Input Firing Volts 


Transition 

Transition 


R2 

from State 1 

from State 2 

Hysteresis 

Approximate 

to State 2 

to State 1 

Volts 

Setting 

3.0 

1.5 

1.5 

max. resistance 

1.1 

-1.4 

0.1 

-1.9 

1.0 . 
0.5 ^ 

decreasing 

p 

-3.2 

-3.2. 

0 

l\2 


INTEGRATED-CIRCUIT IF AMPLIFIER 

The CAS002 integrated-circuit if amplifier can be used with 
either a single-ended or a push-pull input and can provide either 
a direct-coupled or a capacitance-coupled single-ended output. Its 
applications include RC-coupled if amplifiers that use the internal 
silicon output-coupling capacitor, video amplifiers that use an ex¬ 
ternal coupling capacitor, envelope detectors, product detectors, 
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and various trigger circuits. The if amplifier is supplied in a 10- 
terminal TO-5 style low-silhouette package. 

Fig. 96 shows the circuit diagram for the CA3002 integrated 
circuit. The circuit is basically a single-stage balanced differential 
amplifier (Q2 and Q4) with input emitter-followers (Qi and Q5), 



Fig. 96 — Schematic diagram of the CA3002 integrated-circuit if 

amplifier. 

a constant-current sink (Q3) in the emitter-coupled leg, and an 
output emitter-follower (Qe). A single-ended input is connected 
to terminal 10 or a push-pull input to terminals 10 and 5. A 
single-ended output is direct-coupled at terminal 8 or capacitance- 
coupled at terminal 6 . Terminals 5 and 10 must be provided with 
dc returns to ground through equal external base resistors. The 
emitters of the differential pair (Q2 and Q4) are connected through 
degenerative resistors (R3 and R4) to the transistor current source 
(Q3). The use of these resistors improves the linearity of the trans¬ 
fer characteristic and increases the signal-handling capability. 

Transistor Qi provides a high input impedance for the if am¬ 
plifier. Transistor Q 5 preserves the circuit symmetry, and also par¬ 
tially bypasses the base of Q 4 . Additional bypassing can be obtained 
by connection of an external capacitor between terminal 5 and 
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ground. The emitter-follower transistor Qq provides a direct- 
coupled output impedance of less than 100 ohms. 

Circuit Characteristics 

When voltage supplies are connected to the CA3002, the most 
positive voltage must be connected to terminal 9 and the most nega¬ 
tive voltage to terminal 2 (internally connected to the substrate and 
case). The CA3002 may be operated from various supplies and 
at various levels. Operation from either single or dual power sup¬ 
plies is feasible. When two supplies are used, they may be either 
symmetrical or non-symmetrical. When both positive and nega¬ 
tive voltage supplies are used, external components can be mini¬ 
mized, as shown in Fig. 97(a). For single-supply applications, a 
resistor divider and a bypass capacitor must be added externally, 
as shown in Fig. 97(b). The current through R 2 and R 3 should 
be greater than one milliampere. Except in applications that use 
inductive drive, equal external base resistors must be added at 
terminals 5 and 10 to provide base-current returns. Terminal 7 
can be connected to ground, or to the negative supply if a larger 
negative-going voltage swing is desired at any operating point. 



Fig. 97 — Circuit configurations for the CA3002 with (a) dual voltage 
supplies, and (b) a single supply. 



Characteristics and Applications 


147 


For either single or dual supplies, the operating current in 
transistor O 3 is determined by the bias voltage between terminals 
1 and 2. The more negative point of this bias voltage must be con¬ 
nected to terminal 2. For dual-supply systems, terminal 1 is usu¬ 
ally referenced to ground. 

Operating Modes — For any given bias voltage (Vee when 
terminal 1 is grounded), four operating modes are possible, as de¬ 
scribed in Table XII. In general, each mode is characterized by 
( 1 ) a distinct dc operating point with a characteristic temperature 
dependence, and ( 2 ) a particular value of gain that has a distinct 
temperature dependence. 


Table XII— 

-Identification 

Oi CA3002 

Operating Modes 

Operating 

Shorted 

Condition 

0.^ Emitter 

Mode 

Terminals 

of Diodes 

Resistor 

A 

none 

in 

Ro -f- Rii 

B 

4-2 

out 

R9 -j- Rii 

C 

3-2 

in 

R9 

D 

4-3-2 

out 

R9 


When the diodes are utilized in the bias circuit (modes A 
and C), the current is essentially dependent on the temperature 
coefficient of the diffused emitter resistors Rg and Rn, and has a 
tendency to decrease with increasing temperature at a rate inde¬ 
pendent of the negative supply voltage. The temperature coeffi¬ 
cient of the diffused collector resistor Ri is the same as that of the 
emitter resistor, and a constant collector-voltage operating point 
results at the collector of transistor O 4 . However, the operating 
point at output terminal 8 is modified by the base-emitter voltage 
drop of transistor Qc and its temperature dependence. Typical 
variation of the output operating point with temperature is shown 
in Fig. 98 for the four operating modes for Vee supplies of —3 



TEMPERATURE—«C 


TEMPERATURE-"C 


Fig. 98 — Output operating-point variation of the CAS002 (nor¬ 
malized to the 25 °C operating point) as a function of temperature 
with Vek supply voltages of —3 and —6 volts. 

and —6 volts. The voltage between terminals 8 and 9 is denoted 
by Vx. In mode B (with the diodes out of the bias circuit), it 
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should be noted that the output operating point is constant with 
temperature because the change in the collector operating point 
is cancelled by the change in the base-emitter voltage drop (Vbe)- 
When the diodes are out of the bias circuit, the current-tem¬ 
perature curves become dependent on the negative supply voltage. 
Therefore, the value of Vee can be adjusted so that the transcon¬ 
ductance decreases, increases, or remains constant with tempera¬ 
ture. As shown in Fig. 99, the gain increases with temperature for 
a —3-volt Vee supply, but decreases with increasing temperature 
for a — 6 -volt Vee supply. At some intermediate value of Vee 




Fig. 99 — Voltage-gain variation of the CA3002 (normalized to the 
25 “C voltage gain) as a function of temperature with Vee supply 
voltages of —3 and —6 volts. 

(approximately —4.5 volts), the gain should be constant as a func¬ 
tion of temperature. In any case, however, a constant ac gain 
with temperature is accompanied by a change in the collector 
operating point of transistor Q 4 . 

Table XIII lists typical design performance characteristics 
for the four operating modes of the CA3002. By use of the data 

Table XIII— Typical Design Performance Characteristics for the 
Four Operating Modes of the CA3002 {Terminals 7 and 1 
are grounded; temperature = 25°C) 


Mode 

± Supply 
Volts 

Output 

Operating 

Volts 

(Term. 8 to 
ground) 

Voltage 

Gain (dB) 
at 1 MHz 

+ Supply 
Current 
(mA) 

— Supply 
Current 
(mA) 

Power 

Dissi¬ 

pation 

(mW) 

~ir 

6 

2.6 

26.4 

5.0 

4.2 

55.2 

B 

6 

3.8 

22.5 

4.7 

3.7 

50.4 

c 

6 

0 

* 

* 

* 

* 

D 

6 

1.8 

25.4 

5.1 

4.9 

60 

A 

4.5 

2.0 

24.0 

3.6 

3.0 

29.7 

B 

4.5 

3.0 

19.8 

3.4 

2.6 

27.0 

C 

4.5 

0 

* 

* 

* 

* 

D 

4.5 

1.8 

24.5 

3.7 

3.3 

31.5 

A 

3 

1.1 

22 

2.3 

2.0 

12.9 

B 

3 

2.0 

14.5 

2.1 

1.5 

10.8 

C 

3 

0 

* 

* 

* 

* 

D 

3 

1.5 

20 

2.2 

1.9 

12.3 


* Transistor Qi saturated, transistor Qe cut off. 
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in this table and in Figs. 98 and 99, it is possible to select the 
proper operating mode to provide the most transconductance per 
milliwatt of dissipation, the specified output-swing capability, and 
the desired temperature performance for a particular design re¬ 
quirement. 

In operating mode C, a valid non-saturated operating point 
may be obtained by use of non-symmetrical voltage supplies. For 
example, when Vee is —3 volts, the operating point will not be 
in saturation if a positive supply voltage of 4.5 volts or more is 
used (as indicated by Fig. 98). Resistor Re may then be returned 
to the negative supply instead of to ground to ensure the desired 
negative swings. 

Input Offset Current — Fig. 100 shows a curve of input offset 
current of the CAS002 as a function of temperature. This offset 
current determines the maximum value of total effective external 



TEMPERATURE- ®C 

Fig. 100 — Input offset current of the CA3002 as a function of 
temperature. 

resistance that may be used in each base circuit (resistors Ri in 
Fig. 97). A maximum value of 10,000 ohms is recommended for 
each base circuit. However, larger resistances may be accommo¬ 
dated if the resistors can be adjusted to maintain low input offset 
voltages, or if the operating points of Qi and Qs are not in the 
linear region (as in trigger circuits). 

Input Impedance — The input impedance of the CA3002 is 
essentially a characteristic of the input emitter-followers, Qi and 
Qs. Because these transistors are lightly loaded, they have parallel 
input impedances that are approximately 0.1 megohm at low fre¬ 
quencies and rise to infinity and become negative at a few mega¬ 
hertz. In most cases, these impedances are negligible in comparison 
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with the impedances of external base resistors or inductors. The 
input capacitance is 3 to 5 picofarads. 

The input impedance decreases with decreasing operating 
temperature. A typical low-frequency value of parallel input re¬ 
sistance is 55,000 ohms at ~55°C. If a resonant line or tuned cir¬ 
cuit that has appreciable impedance in the vhf range is connected 
to either input terminal, a series parasitic resistor of 50 to 100 
ohms should be placed in series with the input lead to prevent vhf 
oscillation. 

Output Impedance — The output impedance of the CA3002 
is essentially that of the output emitter-follower Qe, and is a func¬ 
tion of the current in Qq. The current, in turn, is determined by 
the operating mode, the supply voltages, and the connection of 
resistor Re to ground or to terminal 2. In operating mode D with 
Re returned to ground and ±: 6-volt supplies, the output resistance 
is approximately 80 ohms over most of the useful frequency range 
and rises to. about 110 ohms (its highest value) at —55°C. 

Frequency Response — The mid-frequency voltage gain of 
the CA3002 if amplifier is essentially independent of absolute re¬ 
sistor values, but depends on the resistor ratios. Fig. 101 shows a 
test circuit used to measure the response characteristics of an 
iterative-coupled amplifier that uses an input-coupling capacitor 
of 15 picofarads. 



Vqut 


Fig. 101 — Voltage-gain test circuit. 
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The response curves for several values of positive and nega¬ 
tive supply voltage are shown in Fig. 102. The gain of the amplifier 
is reduced at low frequencies by the 15-picofarad input-coupling 
capacitor and at high frequencies by the RC roll-off within the 
circuit. The addition of a 0.01-microfarad bypass capacitor at 
terminal 5 improves both the high-frequency response and the 
mid-frequency gain by eliminating ac feedback from terminal 6 
to terminal 5. 




Fig. 102 — Effective single-stage response characteristics of iterative- 
coupled if amplifier. Curve D represents operation with 0.01- 
microfarad capacitor connected at terminal 5 (not shown). 













152 


RCA Linear Integrated Circuit Fundamentals 


If a wide-band video response is desired, the 15~picofarad 
internal silicon output-coupling capacitor of the CA3002 must be 
replaced with a larger external coupling capacitor connected to 
terminal 8. The response curves for an iterative-coupled amplifier 
that uses 0.01-microfarad input-coupling and output-coupling ca¬ 
pacitors are shown in Fig. 103. The response of the amplifier is 
substantially extended at the low frequencies. If 1-microfarad 
coupling capacitors are used, the low-frequency response can be 
extended below 100 Hz. Again, the addition of a 0.01-microfarad 
capacitor at terminal 5 improves the high-frequency performance. 

Vcc(+) 



FR€0U€NCY-«M2 


Fig. 103 — Effective single-stage response characteristics for if 
amplifier using 0.01-microfarad coupling capacitors. Curve D repre¬ 
sents operation with 0.01-microfarad capacitor connected at terminal 
5 (not shown). 
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A shield separating the external leads at terminals 5 and 6 also re¬ 
duces the feedback and extends the response. 

Gain Control — The voltage gain of the CA3002 can be con¬ 
trolled over a wide range by adjustment of a negative dc voltage 
applied at terminal 1. Fig. 104 shows the voltage gain at 1.75 
MHz (measured in the test circuit of Fig. 101) as a function of 
the dc voltage. When the gain is controlled in this manner, the 



Fig. 104 — Voltage gain of the CA3002 as a function of negative 
dc supply voltage applied at terminal 1 (normalized to a gain of 

26 dB). 

CA3002 can be used as an if amplifier with a 75-dB age range, 
or as a video gating, squelching, or blanking circuit with a simi¬ 
lar range. The circuit function depends only on the manner in 
which the dc voltage applied to terminal 1 is controlled. The age 
range is dependent on frequency, and decreases from 75 dB at 
1 MHz to 60 dB at 25 MHz. 

Third-Order Intermodulation Distortion — Fig. 105 shows 
the peak-to-peak input signal required to produce third-order inter¬ 
modulation distortion of 3 per cent as a function of gain control 
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for the CA3002 integrated circuit. The maximum tolerable signal 
input for 3-per-cent intermodulation distortion is relatively con¬ 
stant over the entire age range, but increases dramatically as cutoff 
is attained. When the CA3002 is operated in mode A with sup¬ 
plies of ±6 volts and an age of —30 dB, a peak-to-peak input 
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Fig. 105 — Third-order intermodulation-distortion characteristic as a 
function of age. 


signal in excess of 100 millivolts is typically required for 3-per-cent 
distortion. 

Noise Figure — Because noise figure is an important design 
parameter for both video and if-amplifier applications, it was evalu¬ 
ated for the CA3002 over the frequency range of 1 kHz to 10 
MHz. Fig. 106 shows noise performance as a function of fre¬ 
quency when a 1000-ohm source is used. The noise figure is 4 dB 



0.001 0.01 0.1 I 10 

FREQUENCY—MHz 

Fig. 106 — Noise figure of the CA3002 as a function of frequency. 

over a large portion of the usable range. The 1/f noise corner oc¬ 
curs at approximately 45 kHz, and the high-frequency noise rise 
begins at approximately 4 MHz. Fig. 107 shows noise figure as a 
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function of source resistance at 1.75 MHz. The typical noise fig¬ 
ure is less than 4 dB. It is reasonably flat for source resistances 
from 500 to 2500 ohms, but rises rapidly at values below 500 
ohms. 



SOURCE RESISTANCE—OHMS 

Fig. 107 — Noise figure of the CA3002 as a function of source 

resistance. 

When external base-bias resistors are used, terminal 5 should 
be bypassed by an external capacitor for any stage in which low 
noise figure is required. If the base-bias resistors are not bypassed, 
the noise figure increases. In a practical receiver, bypassing may 
be avoided if the input at terminal 10 is transformer driven (from 
a filter) and terminal 5 is grounded. In the later if stages, noise 
figure can usually be ignored. 


Applications of the IF Amplifier 

The CA3002 integrated-circuit if amplifier is a versatile 
circuit that can be used for many diverse applications. The bal¬ 
anced differential amplifier fed from a constant-current source 
makes an excellent controlled-gain if amplifier. The gain-control 
function may be extended to include video gating, squelching, and 
blanking applications. Envelope detection can be achieved by suit¬ 
able biasing of the emitter-base diode of the output emitter-fol¬ 
lower transistor. Product detection can be obtained by re-insertion 
of the carrier at the base of the constant-current-source transistor. 
Various trigger and waveform-generating circuits can also be 
achieved by the addition of suitable external components. 
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Four-Stage 1.7S-MHz IF Amplifier — Effective if design for 
AM circuits requires consideration of both the signal level at the 
input stage (as a function of age range) and the acceptable signal- 
to-noise ratio at the output. The age action must be initiated at 
the first stage at the proper voltage level to prevent excessive modu¬ 
lation distortion throughout the entire age range. This input-signal 
voltage level is calculated to be approximately 25 millivolts rms 
for 100-per-cent modulation at an allowable distortion of 10 per 
cent. Before the applied signal reaches 25 millivolts, the first stage 
must be gain controlled and completely cut off before gain control 
is applied to subsequent stages. 

Fig. 108 shows a four-stage 1.75-MHz amplifier used to 
evaluate the performance of the CA3002 amplifier for AM appli¬ 
cations. A tuned circuit and a diode detector are connected to 
terminal 6 of the output stage to evaluate detected output and 
signal-to-noise ratio. The audio bandwidth of the detector output 
filter is 3 dB down at 4.2 kHz. The tuned circuit at the input is 
driven by a 50-ohm generator and provides a 1000-ohm source 
to the circuit. The first stage is operated at reduced supply volt¬ 
ages (about ±3 volts) to reduce the required age control voltage. 
This lower supply-voltage level ensures that a sufficient control 
voltage can be developed by a separate CA3002 unit used as an 
age amplifier without introducing a separate supply voltage. An 
additional advantage of lower-voltage operation in the first stage 
is a reduction in noise figure. 

If desired, the first-stage tuned circuit in Fig. 108 can be re¬ 
placed by a crystal filter and a transformer. Because the CA3002 
input impedance is high and does not vary appreciably with age, 
no impedance variations are presented to the crystal filter. 

The voltage gain realized from terminal 10 of the first stage 
to terminal 6 of the fourth stage is 85 dB, or approximately 21 
dB per stage. From the 50-ohm input, the typical voltage gain is 
98 dB. Because the maximum signal-handling capability of the 
output stage is slightly greater than 0.7 volt rms, gain control 
should begin when this value is measured at terminal 6. The modu¬ 
lation distortion is acceptable over the entire 60-dB age range. 
For input signals greater than 8 millivolts, modulation distortion 
begins to increase because of fourth-stage overload. Overloading 
can be prevented by application of a delayed gain control to the 
second stage. The signal-to-noise performance as a function of 
input signal is shown in Fig. 109. 



Characteristics and Applications 


V 5oK2>- CA3002 

V|N 4.51 OHMS ^ ^ 

- 14.5 ^ 

1.75-MHz mH I ^ 

SIGNAL _■ >- ^ 

GENERATOR 3 (o / 

Zo=50 0HMS 3 g ^-400- 

L2- 7 e / 600 I 1 

11 pf" ® (n 


■ 0.05/iF I -6 V 


> 10000 — < 
> OHMS 10000 < 
OHMS 5 


10000 < [ 

=S 


CA3002 


0.05 ^ 6 V 

1 


22000> I200>. 
OHMS S pF “ 


Fig. 108 — Four-stage 1.75-MHz if amplifier. 




158 


RCA Linear Integrated Circuit Fundamentals 



Fig. 109 — Output signal and noise of the amplifier shown in Fig. 108. 


Envelope Detector — The CA3002 integrated circuit can be 
operated as an envelope detector in either of two ways, as shown 
in Fig. 110: (1) the emitter of the output transistor Qe can be 
operated at zero voltage by connection of an external resistor in 
the bias loop of the constant-current transistor Q 3 , or ( 2 ) the cur¬ 
rent in transistor Qe can be reduced by connection of a large re¬ 
sistor ( 12,000 to 18,000 ohms) in series with its emitter resistor. 

In the circuit for method 1, the current in the differential 
pair (Q 2 and Q 4 in Fig. 96) is increased to the point at which 
the common-collector output transistor Qe is biased almost to 
cutoff. For this current increase, the constant-current transistor 
Qs is operated with terminal 4 open, and the emitter resistor Rg is 
shunt loaded by the external resistor at terminal 3. Envelope de¬ 
tection can be accomplished only in mode A with method 1. 

Although the output transistor is nearly cut off, all the other 
active devices are operating in their linear regions. For small ac 
signals, therefore, the circuit provides linear operation except for 
Qe, which is turned on only by a positive signal. The maximum 
acceptable input signal depends on the linear range of the differ¬ 
ential amplifier. An external filter capacitor is connected between 
terminal 8 and ground to remove the rf signal from the detected 
audio output. 

In the circuit diagram for method 2 shown in Fig. 110, a 
fixed value of resistance (15,000 ohms) is used to reduce the 
emitter current in the output transistor (Qe) to approximately 
100 microamperes. This operating point provides the non-linearity 
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METHOD I +6V 




Fig. 110 — Envelope detectors using CA3002 integrated circuits. 


for detection in transistor Qq, Again, the remainder of the circuit 
produces gain because it is operating linearly. As in the case of 
method 1, an external filter capacitor is connected between termi¬ 
nal 8 and ground to remove the rf signal from the detected audio 
output. 

Fig. Ill shows the input-output characteristics of the en¬ 
velope-detector circuits shown in Fig. 110. The usable range of 
input signals for distortion below 3 per cent is 10 to 100 milli¬ 
volts (20-dB range) for method 1 and 12 to 60 millivolts (14-dB 
range) for method 2. Automatic gain control of the if amplifier 
must maintain the input signals to the detector within this range. 
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Fig. Ill — li^ut-output characteristics of the envelope detectors 
shown in Fig. 110. 

Product Detector — A differential pair driven by a constant- 
current transistor can be used as a product detector if a suppressed- 
carrier signal is applied to the differential pair and the regenerated 
carrier is applied to the constant-current transistor. There are two 
requirements for linearity: (1) the circuit must be operated in a 
linear region, and (2) the current from the constant-current tran¬ 
sistor must be linear with respect to the reinserted carrier voltage. 

The CA3002 satisfies these requirements and can be used as 
a product detector in the circuit shown in Fig. 112. A double¬ 
sideband suppressed-carrier signal is applied at terminal 10, and 


50 +6V OUTPUT 



Fig. 112 — Product detector circuit. 
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the 1.7-MHz carrier is applied to terminal 1. Because of the single- 
ended output, a high-frequency bypass capacitor (0.01 microfarad) 
is connected between terminal 8 and ground to provide filtering 
for the high-frequency components of the oscillator signal at the 
output. 

When the amplitude of the suppressed-carrier signal and of 
the oscillator signal are varied, the gain and distortion characteris¬ 
tics shown in Table XIV are obtained. The conversion voltage 
gain is constant at input signals up to 16 millivolts and would be 
6 dB less for a single-sideband signal than for the double-sideband 

Table XIV —Performance Data for CA3002 as Product Detector 


Vi 

Double- 

Sideband 

Voltage 

(mV) 

V2 

Oscillator 

Voltage 

at 

Term. 1 
(V) 

Va 

Output at 

Term. 8 
at 1 kHz 
(mV) 

Conversion 

Voltage 

Gain 

(dB) 

dB down from 
Fundamental 
of Harmonics' 

Harmonic 

2nd 

3rd 

1 

1.7 

12.5 

21.9 

60 

>65 

4 

1.7 

50 

21.9 

51 

61 

8 

1.7 

100 

21.9 

46 

56 

16 

1.7 

200 

21.9 

37 

46 

32 

1.7 

310 

19.8 

32 

30 " 

4 

0.25 

22 

15.6 

15 

42 - 

4 

0.5 

42 

20.3 

32 

52 

4 

1.0 

60 

23.5 

45 

60 

4 

1.3 

60 

23.5 

49 

61 

4 

1.7 

50 

21.9 

51 

61 

4 

2.0 

48 

21.6 

52 

62 

4 

2.5 

31 

17.8 

49 

60 

4 

3.0 

15 

11.4 

42 

60 


* 4th and 5th harmonics greater than 65 dB down except as noted. 
^ 4th harmonic 51 dB down, 5th harmonic 64 dB down. 

■ 4th harmonic 44 dB down. 


signal. The distortion increases with increasing input signal; for 
distortion of less than 1 per cent, the input drive level does not 
exceed 8 millivolts. The gain maximizes for oscillator voltages of 
1 to 2 volts, and the distortion characteristic is also best in this 
region. Distortion increases both at low oscillator drive levels (0.25 
volt) and at high levels (3 volts). 

Schmitt Trigger — Fig. 113 shows the use of the CA3002 as 
a Schmitt trigger. In this application, the input is applied to termi¬ 
nal 5 and both the output and the feedback are taken from the 
output emitter-follower at terminal 8. The emitter-follower out¬ 
put isolates the feedback loop from the differential pair and makes 
it possible for the circuit to drive low-impedance loads. An addi¬ 
tional advantage is that neither half of the differential pair saturates 
as the resistance of the feedback loop is varied. Fig. 113 also shows 
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the output swing and associated hysteresis of the Schmitt trigger 
as a function of resistor R and the dc input voltage level at 
terminal 5. 



Fig. 113 — Schmitt trigger circuit and output swing and associated 

hysteresis. 

INTEGRATED-CIRCUIT RF AMPLIFIERS 

The RCA CA3004, CA3005, and CA3006 integrated-circuit 
rf amplifiers are supplied in 12-terminal TO-5 style packages. These 
circuits are designed to operate from low or medium levels of dc 
supply voltage, over a range of ambient temperatures from —55°C 
to 125°C, at frequencies from dc to 100 MHz. They may be used 
with external tuned-circuit, transformer, or resistive load im¬ 
pedances to provide the following types of functions: 

1. Wide- or narrow-band amplification 

2. Mixing 

3. Limiting 

4. Product detection 

5. Frequency generation 

6 . Generation of pulse or digital waveforms 

Operating Requirements and Characteristics 

Fig. 114 shows the schematic diagrams for the CA3004, 
CA3005, and CA3006 integrated-circuit rf amplifiers. Each circuit 



Characteristics and Applications 


163 


consists of a balanced differential amplifier that is driven from a 
controlled, constant-current source. 




Notes: 1. Connect terminal 10 to most positive dc supply voltage. 

2. Connect terminal 9 to most positive dc supply voltage. 

Fig. 114 — Schematic diagrams of the integrated-circuit rf amplifiers: 

(a) CA3004; (b) CA3005 or CA3006. 

In the CA3004 circuit, resistors (Re and R 7 ) are included 
in the emitter leads of the differential pair of transistors, Qi and 
Q 2 . The degeneration introduced by these unbypassed emitter re¬ 
sistors improves the linearity of the transfer characteristics and 
increases the signal-handling capabilities of the circuit. Fig. 115 
shows the dynamic transfer and limiting characteristics of the 
CA3004. The characteristics show that linear operation is pos¬ 
sible over a wide range of differential input voltage and, thus, indi¬ 
cate that relatively large input signals can be handled by the circuit 
without limiting. These features indicate that the CA3004 is par¬ 
ticularly useful for applications in which the ability to handle large 
input signals is an important consideration. 

In the CA3005 and CA3006 circuits, no emitter resistors are 
provided for the differential pair of transistors. As a result, these 
circuits have a smaller dynamic range and provide higher gain 
than the CA3004 circuit. The dynamic transfer and limiting char¬ 
acteristics of the CA3005 and CA3006, given in Fig. 116, show 
that these circuits are very good limiting amplifiers. A comparison 
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of the curves in Fig. 116 with those given for the CA3004 in Fig. 
115 emphasizes the excellent limiting characteristics of the CA3005 
and CA3006. 



Fig. 115 — Dynamic transfer and limiting characteristics of the 
CA3004 integrated-circuit rf amplifier. 



Fig. 116 — Dynamic transfer and limiting characteristics of the 
CAB005 or CAB006 integrated-circuit rf amplifier operated in the 
differential-amplifier configuration. 
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Exceptional versatility in the operation of the CA3005 and 
CA3006 is made possible by the availability of internal circuit 
points to which external circuit elements may be connected to alter 
the basic circuit configuration. As a result of such external modi¬ 
fications, it is possible to operate these circuits as push-pull ampli¬ 
fiers, as cascode amplifiers, or as single amplifiers in cascade or 
parallel channels. 

The CA3005 and CA3006 rf amplifiers are identical except 
for their input offset voltages. The offset voltage for the CA3006 
is typically less than 1 millivolt, while the offset voltage for the 
CA3005 is normally in the order of 3 millivolts. The low level of 
input offset voltage makes the CA3006 well suited for balanced- 
modulator, mixer, or other push-pull applications that require a 
well-balanced circuit. 

Supply-Voltage Connections — The CA3004, CA3005, and 
CA3006 circuits may be operated, at various levels of supply volt¬ 
age, from single or dual dc power supplies. For dual-supply opera¬ 
tion, either symmetrical or nonsymmetrical power supplies may 
be used. 

Fig. 117 shows the supply-voltage connections for differential- 
and cascode-amplifier operation of the CA3005 or CA3006 from 
single and dual supplies. When two supplies, one for positive volt¬ 
age and one for negative voltage, are used, as shown in Fig. 117 (a) 
and 117(c), fewer external components are required. When only 
one supply is used, an external resistive voltage divider and bypass 
capacitor must be added to the circuit, as shown in Figs. 117(b) 
and 117(d). Tuned amplifiers that operate from dual supplies, 
such as that shown in Fig. 117(a), require the least number of 
external components. 

For either single- or dual-supply operation, the operating cur¬ 
rent of transistor Qs is determined by the bias voltage, Vee? ap¬ 
plied between terminals 2 and 3 on the CA3004 or between 
terminals 8 and 12 on the CA3005 and CA3006 (refer to the 
circuit diagrams in Fig. 114). The more negative terminal of the 
bias-voltage source must be connected to terminal 3 on the CA3004 
or to terminal 8 on the CA3005 and CA3006. In dual-supply sys¬ 
tems, terminal 2 of the CA3004 and terminal 12 of the CA3005 
and CA3006 are usually returned to dc ground. 

Operating Modes — For any given bias voltage Vee, there are 
four possible operating modes for the integrated-circuit rf ampli¬ 
fiers. In general, each mode is characterized by (1) a distinct level 
of operating current and corresponding transconductance, (2) the 
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degree of dependence of the operating current on temperature, 
and (3) the way in which the transconductance is affected by tem¬ 
perature. The operating points for the various modes are estab¬ 
lished by: 

1. The emitter resistance selected for the constant-current- 
source transistor, Qs; 

2. Whether the base-bias network includes the diodes shown 
in Fig. 114. 

3. The magnitude of the bias voltage, Vee, applied to the 
circuit. 






Fig. 117 — Supply-voltage connections for the CA3005 or CA3006 
in (a) a differential-amplifier configuration operated from dual sup¬ 
plies, (b) a differential-amplifier configuration operated from a single 
supply, (c) a cascode configuration operated from dual supplies, and 
(d) a cascode configuration operated from a single supply. 
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Table XV lists the required conditions for the four operating 
modes. The following paragraphs describe the characteristics of 

Table XV— Required Conditions for Each Operating Mode of 
the CA3004, CA3005, and CA3006 Integrated-Circuit 
RF Amplifiers 

CA3005 



CA3004 

or CA3006 

Diodes 



Terminals 

Terminals 

in or Out 

Q-3 

Operating 

Shorted 

Shorted 

of Bias 

Emitter 

Mode* 

to Term. 3 

to Term. 8 

Circuit 

Resistor(s) 

A 

_ 

_ 

In 

R 4 -h R 5 
R 4 -j- Rs 

B 

5 

4 

Out 

C 

4 

5 

In 

R 5 

D 

4,5 

4,5 

Out 

R 5 


* For all modes, terminals 2, 6, and 12 of the CA3004 and terminals 1, 7, and 12 of the CA3005 and 
CA3006 are grounded. 

the circuits in each operating mode. The data are given for opera¬ 
tion of the circuits from symmetrical dual power supplies at three 
levels of dc supply voltage (±3 volts, ±4.5 volts, and ±6 volts). 

Fig. 118 shows the operating current for the various modes 
as a function of temperature. The current-temperature data show 
that, in addition to the obvious shift in the level of operating cur¬ 
rent, the dependence of the operating current on temperature varies 
significantly with a change in the operating mode. 

When the diodes are included in the base-bias circuit (modes 
A and C), the operating current, which is primarily dependent on 
the temperature coefficient of the diffused emitter resistor tends to 
decrease with an increase in temperature at a rate that is rela¬ 
tively independent of the bias supply voltage Vee* When the diodes 
are not used, however, the shape of the current-temperature curves 
is dependent on the magnitude of the supply voltage Vee- The 
operating current then may remain constant or rise as the tem¬ 
perature is increased, depending upon the value of Vee- The posi¬ 
tive supply voltages, shown in Fig. 118, have no effect on the 
operating current, and the current-temperature curves are not 
changed by increases or decreases in this voltage. Some deviation 
in the current-temperature curves is to be expected because of 
normal variations in the absolute resistor values. 

Fig. 119 shows the effects of different operating modes and 
variations in temperature on the single-ended transconductance* of 

''' The single-ended transconductance is the incremental output current for 
one collector of the differential pair of transistors divided by the incremen¬ 
tal input voltage. The curves shown of this parameter are obtained at an 
operating frequency of 1 MHz. 



168 


RCA Linear Integrated Circuit Fundamentals 



-55 -35 -15 5 25 45 65 85 105 125 

TEMPERATURE-°C 

la) 


-55-35-15 5 25 45 65 85 105 125 

TEMPERATURE-°C 

(c) 


: 1.2 
^ 1,0 
' 0.8 
! 0.6 
’ 0.4 
! 0-2 
i 0 


OPE 

RATI 

MG IV 

ODE 

8 












±6 VDC 

— - 







1 








+4.5 

ypc 

—-j 

-- 


“ 











[31 

+ 3 

VDC 











-55 -35 -15 5 25 45 65 85 105 125 

TEMPERATURE—°C 
lb) 


< 2.8 
E 

I 2 .4 
^ 2.0 
z 1.6 

UJ 

tr 

5 1.2 
o 

o 0.8 
o 

< 0.4 
o 

0 


OPE 

RATI 

MG IV 

ODE 

D_ 

— 

— 

±6 

< 

o 

o 








_ 

U- 







+ 

4.5 
r n 

VDC 

— 

— 















t3 

VDC 




Hj 

--- 


2^ 











-55 -35 -15 5 25 45 65 85 105 125 

TEMPERATURE—X 
(d) 


Fig. 118 — Variation in the operating currents of the CA3004, 
CA3005, or CA3006 as a function of temperature for each operating 

mode. 

the CAS004. In general, when diodes are used in the base-bias 
network, the transconductance decreases with increases in tempera¬ 
ture. If the diodes are not used, the transconductance may decrease, 
increase, or remain constant as the temperature increases, depend¬ 
ing on the value of the negative supply voltage Vee- With the 
diodes out, however, the collector operating point tends to shift 
when resistive loads are used. In applications that require a stable 
collector dc operating point, therefore, operating mode A or C 
(diodes in) should be used. 

Fig. 120 shows transconductance-temperature curves for each 
operating mode of the CA3005 or CA3006, operated in a differen¬ 
tial-amplifier configuration. These transconductance curves differ 
from those for the CA3004 shown in Fig. 119 primarily because 
of the emitter resistors used in the CA3004. For each operating 
mode, the operating points for the differential-amplifier configura¬ 
tion of the CA3005 or CA3006, as well as for the CA3004, pro- 







Characteristics and Applications 169 




Fig. 119 — Variation in the single-ended transconductance of the 

CA3004 as a function of temperature for each operating mode. 

vide a current in each collector of the differential pair of transistors 
that is equal to one-half that shown in Fig. 118. 

In a cascode configuration of the CA3005 or CA3006, the 
current through each part of the common emitter-common base 
cascode is equal to the total current shown in Fig. 118 in each 
mode. Fig. 121 shows the transconductance-temperature curves for 
each operating mode of the cascode circuit. These curves show 
that, in general, the transconductance is higher when the diodes 
are included in the base-bias network (modes A and C) than it 
is when the diodes are not used (modes B and D). 

The power dissipation of the CA3004, CA3005, or CA3()06 
is highest when the circuit is operated in mode C. Table XVI 
shows power dissipation and the single-ended transconductance of 
the circuits for each operating mode. These data may be used to 
determine the operating point that provides the highest value of 
transconductance per milliwatt of circuit dissipation for given de¬ 
sign conditions. 

Admittance Pm*ameters — In the design of rf and if circuits, 
the four-terminal blackbox short-circuit admittance parameters 
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Fig. 120 — Variation in the single-ended transconductance of the 
CA3005 or CA3006 in a differential-amplifier configuration as a 
function of temperature for each operating mode. 

have become a valuable tool. The determination of stability criteria, 
input and output impedances as a function of load and source ad¬ 
mittance, power gain, and voltage gain in iterative connections are 
all facilitated by a knowledge of the “y” parameters. 

The “y” parameter curves presented in this section have been 
calculated from a model and verified at several points by measure¬ 
ments. These curves are a valuable aid in the design of systems 
that use integrated circuits. The admittance curves are all generated 
for a quiescent operating current of 1.25 milliamperes in each of 
the transistors Qi and Q 2 in the differential-amplifier configurations 
and for a current of 2.5 milliamperes in transistor Q 3 in the cas- 
code configuration. This operating current is obtained in operating 
mode D with supply voltages of ±6 volts. 

The “y” parameters and their symbols are listed below: 

1. Input admittance with the output voltage constant 

Yi = gi + jbi ( 181 ) 
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Fig. 121—Variation in the transconductance of the CA3005 or 
CA3006 in a cascode configuration as a function of temperature for 
each operating mode. 

where yi is the complex input admittance, gi is the input con¬ 
ductance and hi is the input susceptance. 

2. Output admittance with the input voltage constant 

yo = go + jbo (182) 

where yo is the complex output admittance, go is the output con¬ 
ductance, and bo is the output susceptance. 

3. Forward-transfer admittance with the output voltage 
constant 

Jf = gt + jbf (183) 

where yf is the complex forward-transfer admittance, gf is the 
forward-transfer conductance, and bf is the forward-transfer sus¬ 
ceptance. 

4. Reverse-transfer admittance with the input voltage con¬ 
stant 


Jr = gr + jb, 


( 184 ) 
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Table XVI— Relationship Between the Transconductance and 
the Power Dissipation of the Integrated-Circuit RF Amplifiers 
in Each Operating Mode^ 




DC Supply 

Single-Ended 

Power 

Operating 

Type of 

Voltages 

Transconductance 

Dissipation 

Mode 

Circuit 

(volts) 

(millimhos) 

(milliwatts) 

A 

CA3004 

±3 

5.5 

6.6 


CA3005 or CA3006 


8.5 

6.6 


CA3004 

±4.5 

6.7 

15.0 


CA3005 or CA3006 


12.8 

15.0 


CA3004 

±6 

7.3 

25.0 


CA3005 or CA3006 


15.0 

25.0 

B 

CA3004 

±3 

1.6 

2.3 


CA3005 or CA3006 


1.9 

2.3 


CA3004 

±4.5 

4.0 

7.2 


CA3005 or CA3006 


4.9 

7.2 


CA3004 

±6 

5.3 

15.0 


CA3005 or CA3006 


7.2 

15.0 

C 

CA3004 

±3 

7.5 

17.5 


CA3005 or CA3006 


22.0 

17.5 


CA3004 

±4.5 

8.5 

40.0 


CA3005 or CA3006 


29.0 

40.0 


CA3004 

±6 

9.1 

62.8 


CA3005 or CA3006 


37.0 

62.8 

D 

CA3004 

±3 

3.3 

4.2 


CA3005 or CA3006 


5.0 

4.2 


CA3004 

±4.5 

6.0 

17.4 


CA3005 or CA3006 


13.0 

17.4 


CA3004 

±6 

7.2 

35.9 


CA3005 or CA3006 


20.0 

35.9 


* Circuits are operated in differential-amplifier configurations. The transconductances and power 
dissipations shown are calculated values for nominal units. 


where yr is the complex reverse-transfer admittance, gr is the re¬ 
verse-transfer conductance, and br is the reverse-transfer sus- 
ceptance. 

A comparison of the parameters of the various possible cir¬ 
cuit configurations with those of the more familiar common-emitter 
parameters requires a second subscript to indicate the type of con¬ 
figuration being considered. Examples of the use of the second- 
subscript notation are given below: 

The common-emitter reverse-transfer admittance is written 
as 

yre ~ Sre “f" jbre (185) 

The differential-amplifier reverse-transfer admittance is ex¬ 
pressed as 

yrDA = grDA + jbrDA (186) 

The cascode-amplifier reverse-transfer admittance is given as 
YrCAS == grCAS + jbrCAS (187) 
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These cumbersome second subscripts will not be used when 
the type of circuit for which the parameter is given is clearly in¬ 
dicated by an illustration or a descriptive phrase in the text. 

In general, it is valuable to understand the essential differences 
between the “y” parameters of a regular common-emitter stage 
and those of the compound stages, such as differential and cascode 
amplifiers. 

The differential amplifier, when used at radio frequencies, 
consists essentially of a common-collector stage that drives a com¬ 
mon-base stage. In comparison to the regular, common-emitter 
“y” parameters, the input admittance yi, the output admittance yo, 
and the forward transfer admittance yf are decreased, almost ex¬ 
actly, by a factor of two when the differential-amplifier configura¬ 
tion is used. 

The reverse-transfer admittance yr is also less for the differ¬ 
ential amplifier than for the single transistor in the common-emitter 
configuration. The ratio of the imaginary term in the differential- 
amplifier admittance to that of the single transistor is 1/140 at 
low frequencies and 1/10 at 100 MHz. Fig, 122 shows the ratios 
of imaginary parts bre/broA and real parts gre/grDA of the reverse- 
transfer admittances as a function of frequency. 



Fig, 122 — Ratio of the real (conductance) and the imaginary (sus- 
ceptance) parts of the reverse-transfer admittance for a common- 
emitter stage to those for a differential-amplifier stage as a function 
of frequency. 

In the cascode configuration of the rf amplifier circuits, a 
common-emitter stage drives a common-base stage. The input 
admittance yi is, therefore, that of a common-emitter stage. The 
forward-transfer admittance yf is that of a common-emitter stage 
times alpha. Because of the high-impedance drive source on the 
common-base stage, the output admittance yo is very low (0.06 
X 10“^ mho) at low frequencies and is both negative and low at 
high frequencies. Since the output admittance is low and may be 
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negative, a conjugate match cannot be obtained at the output. 
Practical amplifiers are possible, however, provided that the sum 
Yout + Yioad is positive. 

The reverse-transfer admittance yr for the cascode circuit is 
less than that for the single-stage common-emitter circuit. The 
ratio of the imaginary terms of these admittances is 1/1200 at low 
frequencies and 1/35 at 100 MHz. The ratios of the real parts and 
of the imaginary parts as a function of frequency are shown in 
Fig. 123. 



Fig. 123 — Ratio of the real (conductance) and the imaginary (sus- 
ceptance) parts of the reverse-transfer admittance for a common- 
emitter stage to those for a cascode stage as a function of frequency. 

Although the yr is low for both the differential and cascode 
configurations, instability can occur in high-gain amplifiers. A fur¬ 
ther consideration in high-gain circuits is that the layout can con¬ 
tribute more feedback than the integrated circuit. Shielding and 
layout therefore are of prime importance if proper advantage is 
to be taken of the low feedback of these circuits. 

The computed y parameters for the CA3004 differential am¬ 
plifier are shown in Fig. 124. The admittance parameters for differ¬ 
ential-amplifier operation of the CA3005 or CA3006 are given in 
Fig. 125 and those for cascode-amplifier operation of either cir¬ 
cuit are given in Fig. 126. 

Noise Figure — The noise figure of the CA3004, CA3005, 
and CA3006 integrated-circuit rf amplifiers is a function of the dc 
operating current and frequency, for both differential and cascode- 
amplifier configurations. The noise figure increases both with an 
increase in current and with an increase in frequency. For con¬ 
venience, noise data are taken in a fixed configuration as the nega¬ 
tive supply voltage is varied. On the data plots, the operating 
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Fig. 124 — Admittance characteristics of a CA3004 differential am¬ 
plifier as a function of frequency: (a) Input admittance, yi*, 

(b) Output admittance, yo; (c) Output susceptance, bo, above 10 
MHz; (d) Forward-transfer admittance, yf; (e) Reverse transfer 
admittance, yr. 

currents that correspond to the various supply voltages are in¬ 
cluded as a separate abscissa to show that the noise figure is a 
direct function of operating current. Figs. 127 and 128 show rep¬ 
resentative noise-figure data for tuned amplifiers in the differential 
and cascode configuration, respectively. In each case, the input and 
output are tuned, and the input is conjugately matched to a 50- 
ohm noise diode. Practically no change in noise figure occurs with 
variations of the positive supply voltage Vcc- 

The curves in Figs. 127 and 128 show that, for optimum 
single-stage noise performance, the operating current should be 
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Fig. 125 — Admittance characteristics of a CA3005 or CA3006 differ¬ 
ential amplifier as a function of frequency: (a) Input admittance, yi; 

(b) Output admittance, Yo; (c) Forward transfer admittance, Yf*, 

(d) Reverse transfer conductance, gr; (e) Reverse transfer sus- 
ceptance, br. 

low, which results in a low gain. Thus, in system applications of 
the tuned amplifiers, the operating current in each stage should 
be adjusted to obtain the optimum over-all noise figure by con¬ 
sidering the gain and noise figure of the first stage and the noise 
figure of the second stage. The operating-current adjustment can 
be accomplished by a change in the negative-supply voltage (Vee) 
or by means of the bias connections that are available. 

Fig. 129 shows the noise figure as a function of the source 
resistance for a CA3005 or CA3006 u^ed as a differential ampli¬ 
fier at an operating frequency of 12 MHz. The equation given in 
the figure can be used to predict noise performance as a function 
of source resistance for dc operating conditions. The load resistor 






SUSCEPTANCE (bj) OR CONDUCTANCE (gj) 
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FREQUENCY —MHz 


FREQUENCY —MHz 


(b) 


(d) 


Fig. 126 — Admittance characteristics of a CA3005 or CA3006 
cascode amplifier as a function of frequency: (a) Input admittance, 

Yil (b) Output admittance, yo; (c) Forward transfer admittance, yt; 

(d) Reverse transfer admittance, yr. 

Rl of the circuit is 2200 ohms and Rn == 800 ohms, (Rn is the 
equivalent noise resistance.) 


Common-Mode Rejection Ratio — The common-mode re¬ 
jection ratio (the ratio between the full differential gain and the 
common-mode gain) is a function of the ratio of the impedance 
of the constant-current transistor O3 to the load resistor. The com¬ 
mon-mode rejection decreases if the signal applied is large enough 
to saturate the constant-current transistor. The maximum peak- 
to-peak input voltage, therefore, is a function of the supply volt¬ 
ages and the bias connections of the constant-current transistor. 
The common-mode rejection ratio for a 1-kHz signal is shown in 
Table XVII. 

Fig. 130 shows the single-ended common-mode gain* for the 
CA3004, CA3005, and CA3006 as a function of frequency. (Fig. 

* Single-ended common-mode gain: The ratio of the change in the 
single-ended output voltage, measured from either output terminal with 
respect to ground, to the change in the input voltage applied simultaneously 
to both inputs of the circuit, i.e., single-ended common-mode gain = 
AVin/AVout, as shown in Fig. 131. 
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131 shows the method used to determine the single-ended com¬ 
mon-mode gain.) The common-mode rejection decreases with in¬ 
creasing frequency when the CA3004, CA3005, and CA3006 are 
operated with a single-ended output. 



TOTAL DC CURRENT (Ice)— 

I _I_1_ \ _I 

24 6 8 10 

NEGATIVE DC SUPPLY VOLTS —Vee 


Fig. 127 — Representative noise performance of the CA3004, CA3005, 
or CA3006 operated in a differential-amplifier configuration (operating 

mode D). 



TOTAL EMITTER CURRENT O^i—mA 

_I_ \ _1_ \ _I 

2 4 6 8 10 

NEGATIVE DC SUPPLY VOLTS—Vee 


Fig. 128 — Representative noise performance of the CA3005 or 
CA3006 operated in a cascode-amplifier configuration (operating 

mode D). 





Characteristics and Applications 


179 



Fig. 129 — Noise figure of the CA3005 or CA3006 in a differential- 
amplifier configuration as a function of the source resistance (operating 

mode D). 

Table XVII— Common-Mode Rejection Ratio for the CA3004, 
CA3005, and CA3006 Integrated-Circuit RF Amplifiers 

At—55°C At 25‘’C At 125°C 

CA3004 102 dB 98 dB 101 dB ' 

CA3005 or CA3006 108 dB 101 dB 107 dB 

Operating frequency = 1 kHz 

Load resistance Rl = 1000 ohms in each collector. 

Gain Control — The gain of the CA3004, CA3005, and 
CA3006 circuits may be controlled in either of two ways: (1) the 
negative voltage applied to the base-bias resistor Ri can be ad¬ 
justed to vary the current in transistor Q 3 , or ( 2 ) a differential 
offset voltage can be applied to transistors Qi and Q 2 . In both 
techniques, the gain-control voltage has a ground reference in a 
two-supply system, and maximum gain is obtained at zero volts. 
The first method provides greater gain-control range but also re¬ 
quires more control voltage than the second method. Figs. 132 
and 133 show the typical gain control as a function of voltage for 
the CA3005 or CA3006 for the two methods. Fig. 131 gives the 
gain-control characteristic for the CA3005 or CA3006 when the 
gain-control voltage is applied to the base-bias network of tran¬ 
sistor Q3. Since the Q 3 bias networks are the same, the gain char¬ 
acteristics for the CA3004 are nearly the same as those for the 
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Fig. 130 — Single-ended common-mode and differential gains of the 
CA3004, CA3005, or CA3006 as-a function of frequency. 

CA3005 and CA3006. Fig. 133 shows that in the offset method 
of gain control the gain range is dependent on the polarity of drive. 
For maximum gain-control range on a single-ended amplifier, the 
common-collector transistor should be cut off (negative voltage 
applied to its base). Because of the emitter resistors, Re and Ri, 
the CA3004 circuit will require more dc voltage for the same gain 
reduction as the CA3005 or CA3006, and the dc voltage required 
will be a function of the initial operating current. 

The maximum gain-control range that can be provided by a 
reduction in the current of transistor Q 3 varies with frequency as 
shown in Fig. 134. The maximum gain-control range that can be 
obtained is dependent on the full gain used, the circuit loading, 
and the external-circuit layout. 

A large part of the variation in the maximum gain control 
for the different circuits results from differences in the initial gain 
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+ 6V 



Fig. 131—Schematic of the circuit used to determine the single- 
ended common-mode gain. 


of the various circuits. Capacitive feedthrough appears less for 
the cascode than for the differential-amplifier configuration. 

The following discussion of cross-modulation and modulation 
distortion describes variations of the two gain-control techniques. 

Cross-Modulation and Modulation Distortion — Cross¬ 
modulation and modulation distortion are important considerations 
in the selection of an amplifier for use in AM systems. Cross¬ 
modulation distortion refers to the transfer of modulation from an 
undesired carrier to the desired carrier by nonlinearities in the am¬ 
plifier. Modulation distortion is a change in the modulation on the 
desired carrier caused by the same amplifier nonlinearities that 
produce cross-modulation. The two forms of distortion are related 
by the following equation: 


D 2 . K ^ 3 

Vi2 ’ ¥ 2 ^ 8 


(188) 


where D 2 is the per cent of distortion in the modulation on the 
desired carrier (i.e., the modulation distortion), K is the per cent 
of cross-modulation distortion, Vi is the amplitude of the desired- 
carrier voltage at the input, V 2 is the amplitude of the undesired- 
carrier voltage at the input, and m is the per cent of modulation 
of the desired carrier. 
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Fig. 132 — Gain-control characteristics of the CA3005 or CA3006 as 
a function of the dc gain-control voltage applied to the bias network 
of transistor Q 3 . 




Fig. 133 — Gain-control characteristics of the CA3005 or CA3006 as 
a function of the dc offset voltage, Vbb, applied to the differential 
pair of transistors Qi and Qo. 
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Fig. 134 — Maximum gain control provided by variations in the 
current through transistor Qs as a function of frequency. 

When D 2 and K are equal and m is 100 per cent, the ratio 
of Vi to V 2 is 1.64. In the following paragraphs, data are given 
for only the cross-modulation distortion. The modulation distor¬ 
tion can be predicted from these data, however, on the basis of 
the relationship of Vi to V 2 . For example, in Fig. 135, V 2 is given 
as 22 millivolts for a gain of 0 dB. The value of Vi, then, is 
1.64 X 22, or 36 millivolts. 

Figs. 135 through 139 show the cross-modulation distortion 
of the CA3004, CA3005, and CA3006 integrated circuits as a 
function of their gain-control characteristics in both differential- 
amplifier and cascode-amplifier configurations. The amount of cross- 
modulation distortion is determined by the two-generator method 
with the input of the circuit under test driven from a 50-ohm 
source and with its output tuned to the frequency of the desired 
carrier. The amplitude of the undesired-carrier input voltage is 
that necessary to produce 10 per cent cross-modulation distortion 
for each manually determined gain-control setting. 

Differential-Amplifier Configurations — The availability of 
internal connection points make possible several methods of gain 
control in differential-amplifier configurations of the CA3004, 
CA3005, and CA3006 circuits. Only two of these methods need 
be considered, however, to obtain an adequate evaluation of the 
cross-modulation characteristics. These include (1) the variation 
of the current in the constant-current transistor, Q 3 , and (2) the 
use of an offset voltage to produce an unbalance in the differential 
pair of transistors, Qi and Q 2 . 
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Fig. 135 shows the cross-modulation distortion characteris¬ 
tics of the CA3004, CA3005, and CA3006 with the differential 
pair of transistors balanced and with age applied to the constant- 
current transistor. Because of the increased linearity that results 
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Fig. 135 — Gain control as a function of the input voltage from an 
undesired carrier that will produce cross-modulation distortion of 
10 per cent for balanced differential-amplifier operation of the 
CA3004, CA3005 and CA3006. The gain-control voltage is applied 
to bias network of the constant-current transistor, Qs. 

from the emitter resistors Re and R 7 , the CA3004 has improved 
cross-modulation characteristics at high current. The interfering 
signal voltage required to produce 10 per cent of cross-modula¬ 
tion distortion is practically a constant over the entire age range 
for the CA3005 and CA3006. The value of the interfering-signal 
voltage (approximately 15 millivolts) for the CA3005 and CA3006 
is twice that calculated from the logarithmic transconductance 
characteristic of a single transistor. 

Fig. 136 shows the cross-modulation distortion characteristic 
of the CA3005 and CA3006 when an offset voltage is applied to 
control the gain. The improved cross-modulation performance 
at — 5 dB gain is coincident with an inflection point on the curve 
of transconductance as a function of input offset voltage. This 
point occurs at an offset voltage of approximately 50 millivolts. 
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Fig. 136 — Gain control as a function of the undesired-carrier voltage 
that will produce 10 per cent cross-modulation distortion for differ¬ 
ential-amplifier operation of the CA3005 or CA3006 when gain 
control is provided by the application of an offset voltage to the 
diferential pair of transistors. 

The cross-modulation performance is improved by the offset 
of the differential pair of transistors. Fig. 137 shows the cross¬ 
modulation data when an initial offset of 50 millivolts is employed 
and age is applied to the constant-current transistor. The introduc¬ 
tion of the unbalance reduces the cross-modulation distortion to 
approximately 10 dB less than that of the balanced circuit. This 
reduction in cross-modulation distortion, however, is accompanied 
by a decrease in gain of approximately 5 dB. 




186 


RCA Linear Integrated Circuit Fundamentals 


1-^ - \ - 

OPERATING MODE D 

FREQUENCY OF DESIRED CARRIER 
= l2MHz 

n 

L 




FREQUENCY OF UNDESIRED CARRIER 
= l6MHz 

0FFSET=50mV 

GAIN-CONTROL VOLTAGE APPLIED TO 

J 

r 




TERMIN 

ALNo.12 


/ 








s 










_1 


— 


50J-1-1-1-1-1-1-1-1 

I 3 6 10 30 60 100 300 600 

UNDESIRED CARRIER INPUT VOLTAGE —MILLIVOLTS RMS 


Fig. 137 — Gain control as a function of the input voltage from an 
undesired carrier that will produce cross modulation distortion of 
10 per cent for a differential-amplifier configuration of the CA3 005 
or CA3006 having a 50-millivolt offset and with the gain control 
voltage applied to the bias network of the constant-current transistor. 

Cascade Configurations — Cross-modulation data for cascode 
configurations of the integrated-circuit rf amplifiers are given for 
only the CA3005 and CA3006 circuits, because the CA3004 cir¬ 
cuit is not designed for this type of operation. When the CA3005 
or CA3006 is operated in the cascode configuration, gain control 
may be provided by either of two methods: (1) a negative volt¬ 
age may be applied to the base of transistor Qs, or (2) a negative 
voltage may be applied to the base of transistor Qi. 

In the first method, the gain is reduced by the application of 
a negative-going voltage at terminal 12. As the amplitude of this 
voltage is increased to the value required to cut off transistor Qs, 
the gain of the circuit is decreased. The cross-modulation distortion 
characteristics for this type of gain control are shown in Fig. 138. 
The cross-modulation characteristics are comparable to those of a 
single transistor having a bypassed emitter resistor. 

The cross-modulation distortion characteristics obtained for 
the second method of gain control are shown in Fig. 139. No im¬ 
provement in cross-modulation characteristics over those obtained 
for the first gain-control method are observed, although the age 
range is greater. 

Limiter Characteristics — The following paragraphs describe 
the limiter characteristics of the integrated-circuit rf amplifiers in 
both differential-amplifier and cascode configurations. 
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Fig. 138 — Gain control of the CA3005 or CA3006, in a cascode 
configuration, as a function of the undesired-carrier voltage that will 
produce 10 per cent cross-modulation distortion when the gain is 
controlled by a negative bias voltage applied to the base of transistor 
Qa. The schematic diagram illustrates the circuit configuration. 

Differential-Amplifier Configurations — The differential-am¬ 
plifier, driven by a constant-current transistor, is probably the 
optimum circuit configuration for bipolar transistor limiters. The 
advantage of such circuits in limiter applications is that collector 
saturation of either transistor Qi or Q 2 can be avoided because of 
the action of the constant-current transistor Q3. Figs. 115 and 116 
show typical limiting characteristics for the CA3004 and for the 
CA3005 and CA3006 respectively. For the CA3005 and CA3006 
(no emitter degeneration), “hard” limiting is achieved for a peak- 
to-peak input of 300 millivolts for all values of total dc current 
(Ice)- For the CA3004, the input voltage required for “hard” 
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Fig. 139 — Gain control of the CA3005 or CA3006, in a cascode 
configuration, as a function of the undesired-carrier voltage that will 
produce 10 per cent cross-modulation distortion when the gain is 
controlled by a negative bias voltage applied to the base of transistor 
Qi. The schematic diagram illustrates the circuit configuration. 


limiting is a function of Ice because of the linearizing effect of 
the degenerative emitter resistors, Re and R 7 . As saturation must 
be prevented for good limiting, a maximum load resistor and low- 
level voltage gain exists for a given Icc and positive supply volt¬ 
age. Table XVIII shows the maximum resistor values and voltage 
gains usable for Vec = 6 volts, for the three circuit types. The low- 
level transconductance can be obtained from the slope near the 
origin for the curves shown in Figs. 115 and 116. The maximum 
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voltage gain is independent of Ice in the CA3005 and CA3006 
and is dependent on Ice in the CA3004. Figs. 118 through 121 
show the Ice currents and transconductance for optional operat¬ 
ing conditions. 

Table XVIII —Limiter Performance of a Differential Amplifier 




Max. 

Max. 


\c, 

Resistive 

Tuned 

Supply 

+I 02 

Load 

Load 

Volts 

(mA) 

(ohms) 

(ohms) 

6 

U 

12000 

24000 

6 

1.0 

6000 

12000 

6 

2.0 

3000 

6000 

6 

3.0 

2000 

4000 

Rl = 

V supply 

Resistive Load; Rl = 

2 Vsupply 

ICj + IC 2 

Ic, + IC 2 


Voltage Gain Voltage Gain 

With Emitter Without Emitter 

Degeneration Degeneration 

(UB) (dB) 


Resistive 

Tuned 

Resistive 

Tuned 

Load 

Load 

Load 

Load 

31 


35 


28 

34 

35 

41 

25 

31 

35 

41 

22 

28 

35 

41 


Tuned Load; giuRr. — voltage gain 


When the differential amplifier is used for limiting, the emitter- 
to-base breakdown voltage for transistors Qi and Q 2 cannot be 
exceeded without degradation in performance. For the CA3004, 
CA3005, and CA3006, this voltage including a safety margin 
should not exceed 2.5 volts rms. Either of two methods may be 
used to prevent this value being exceeded: ( 1 ) make sure the 
preceding stage limits before the input voltage reaches 2.5 volts 
(maximum voltage gain per stage approximately 20 dB), or (2) 
add one junction diode (Di), as shown in Fig. 140 (this allows 
a maximum usable voltage gain consistent with good limiting and 
stability). 

Cascode Amplifier — The limiting characteristics of the 
CA3005 or CA3006, when used as a cascode amplifier, are de¬ 
pendent on the current limiting in transistor Q 3 or the voltage 
limiting of transistor Qi (high-impedance output load). Limiting 



Fig. 140 — Circuit diagram of a CA3005 or CA3006 differential- 
amplifier limiter that uses a diode to provide input overload protection. 
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characteristics for both cases are shown in Figs. 141 and 142. The 
data in Fig. 141 are obtained with a collector load of 500 ohms. 
This limiting characteristic is “soft” and is acceptable over only 
a 20-dB range. The peak-to-peak voltage at the collector is never 
large enough to cause saturation. The limiting characteristic shown 
in Fig. 142 is obtained with a collector load of 5000 ohms, and 
saturation of transistor Qi occurs. The limiting is harder and 
covers a broader range, but severe tuned-circuit loading occurs. 



Fig. 141 —Limiting characteristics and circuit diagram of a CA3005 
or CAS006 cascode limiter having a 500-ohm collector load im- 



Fig. 142 — Limiting characteristics and circuit diagram of a CA3005 
or CAS006 cascode limiter having a 5000-ohm collector load im¬ 
pedance. 
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RF- and IF-Amplifier Capabilities 

Figs. 143, 144, and 145 illustrate the use of the CA3004, the 
CA3005 or CA3006 differential-amplifier configurations, and the 
CA3005 or CA3006 cascode configurations, respectively, as single- 
ended rf amplifiers. Adjustable matching networks, derived from 
the y parameters, are included in each circuit. The values of the 
adjustable components, as well as typical power gains, are also 
shown in the figures. A conjugate match at the input is provided 
for all configurations. A conjugate match at the output is impos¬ 
sible for the cascode configuration (as pointed out in the dis¬ 
cussion of y parameters). At 30 MHz, the CA3005 differential 
amplifier output was mismatched. At high gains, the circuit feed¬ 
back (yr) is low, but the external-circuit layout adds feedback. 

Two or more CA3004, CA3005, or CA3006 integrated cir¬ 
cuits can be connected in cascade for use as a tuned if amplifier 
for either AM or FM applications. The schematic diagrams of two 



Circuit Elements 


Power Gain Performance 


f Li Cl L2 C2 
(MHz) (/iH) (pF) (/iH) (pF) 

30 1.8-2.7 2-10 1.8-2.7 2-10 

.100 0.15-0.3 0.9-7 0.1-0.2 0.9-7 


DC POWER GAIN 

SUPPLIES (dB) 

(volts) 30 MHz 100 MHz 

±6 24 12 


Fig. 143 — Circuit used to determine the rf performance capabilities 
of a CA3004 integrated-circuit rf amplifier. 
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of a CAS005 or CAS006 integrated-circuit rf amplifier in a differential- 
amplifier configuration. 


AGC 


+ v. 


0.0015 


SHIELD 


/ 0.005 


/ ■t 




Circuit Values 

f Li Cl L2 

(MHz) (/iH) (pF) (/iH) 

30 0.3-0.6 14-150 0.8-1.4 

100 0.07-0.12 5-40 0.15-.3 


C2 

(pF) 

5-40 

5-40 


Power Gain Performance 


DC 

POWER GAIN 

SUPPLIES 


(OB) 

(volts) 

30 MHz 

100 MHz 

±6 

36 

20 

±4.5 

33 

18.5 

±3 

21.5 

15.0 


Fig. 145 — Circuit used to determine the rf performance capabilities 
of a CAS005 or CAS006 integrated-circuit rf amplifier in a cascode 
configuration. 



Characteristics and Applications 


193 


three-stage 12-MHz amplifiers are shown in Figs. 146 and 147, 
for FM and AM use, respectively. Both if amplifiers are housed 
in metal boxes, and adequate shielding and supply decoupling are 
provided. 

The amplifier shown in Fig. 146 (limiting amplifier for FM 
use) is designed to provide a gain per stage of 26 dB. At this gain 
per stage, diodes are required at the input to prevent base-to- 
emitter breakdown. For operation as a low-level limiter, the cir¬ 
cuit input is matched, and the required gain fixes the unloaded O 
of the tuned circuit and the collector load. Good noise perform¬ 
ance for the first stage is obtained by the use of a high-Q ( 200 ) 
toroid inductor for input transformer Ti. The other transformers 
are slug-tuned and have relatively low unloaded Q’s (70 to 100) 
which contribute the necessary insertion loss for the required 
gain. A lower unloaded Q was required for transformer T 2 , so 
10,000 ohms of resistance was added in parallel with this trans¬ 
former. Little or no skew is detectable in the response character¬ 
istic for this circuit, shown in Fig. 148. The limiting characteristic 
of the circuit is shown in Fig. 149. Other typical over-all perform¬ 
ance characteristics are: 

Total power drain = 48 milliwatts 
Over-all power gain = 77 dB 
3-dB bandwidth = 300 kHz 
Input limiting level = 30 microvolts 
Noise figure = 4 dB 

The AM circuit (Fig. 147) uses three CA3004 circuits and 
is designed to provide a stage gain of 25 dB. The source resistance 
to the input circuit was chosen as 800 ohms as a satisfactory com¬ 
promise for gain, noise figure, and modulation-distortion perform¬ 
ance. Input and output transformers, Ti and T 4 , have high 
unloaded Q’s (200) to preserve good noise performance and to 
maximize the output power. The interstage transformers, T 2 and 
T 3 , have low unloaded Q’s (37) to achieve the required gain. The 
second detector has a 3-dB bandwidth of 5.0 kHz. The typical 
over-all performance characteristics are: 

Power drain = 83 milliwatts 

Power gain (to second-detector input) = 76 dB 

AGC range ( 1 st stage) = 60 dB 

Noise figure = 4.5 dB 

3-dB bandwidth =160 kHz 
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Notes: 1. Transformer Ti is a Ferramic Q-2 Type (unloaded 
Q rr: 200). 

2. Transformers Ta, Ta, and T 4 are slug-tuned with carbonyl 
IT-75 material (unloaded Q = 75). 

Fig. 146 — Three-stage, 12-MHz limiting if amplifier that uses CA3005 
circuits in operating mode D. 
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Notes: 1. Transformers Ti and T 4 are Ferramic Q-2 Toroid Types 
(unloaded Q = 200). 

2. Transformers T 2 and T 3 are slug-tuned with carbonyl 
IT-71 material (unloaded Q 70). 


Fig. 147 — Three-stage, 12-MHz gain-controlled AM amplifier that 
uses CA3004 circuits in operating mode D. 
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FREQUENCY—MHz 


Fig. 148 — Frequency-response 
characteristics of the 12-MHz 
limiting amplifier shown in Fig. 
146. 



Fig. 149 — Limiting characteris¬ 
tics of the 12-MHz limiting am¬ 
plifier shown in Fig. 146. 


The signal-to-noise ratio of the circuit as a function of the 
input is shown in Fig. 150, and the frequency-response charac¬ 
teristic is shown in Fig. 151. 


I INPUT SIGNAL 12 MHz, 30% MODULATED I 
TDETECTOR OUTPUT FILTER -• 

BANDWIDTH =5.0 kHz i i i 



INPUT SIGNAL—MICROVOLTS 


Fig. 150 — Output signal-to-noise 
ratio as a function of the input 
signal for the 12-MHz gain-con¬ 
trolled amplifier shown in Fig. 147 
when gain control is used in only 
the first stage. 



Mixer Capabilities 


Fig. 151 — Frequency-response 
characteristics of the 12-MHz gain- 
controlled amplifier shown in Fig. 
147. 


The CA3004, CA3005, and CA3006 integrated circuits may 
be used as mixers, modulators, and product detectors. The sche¬ 
matic diagrams in Figs. 152(a) and 152(b) illustrate the use of 
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these circuits in mixer applications. The oscillator input is injected 
at the base of transistor Q 3 (because there is no direct-base con¬ 
nection available on the CA3004, a higher oscillator drive voltage 
is required for this circuit); the rf input is injected single- or 



Fig. 152 — Circuit diagrams for the use of the integrated-circuit rf 
amplifiers as mixers (operating mode D); (a) CA3004; (b) CA3005 

or CA3006. 


double-ended to the bases of transistors Oi and Q 2 . The use of a 
center-tapped inductor for the output tuned circuit (double-ended) 
allows the common-mode signal of the oscillator to be balanced 
out so that the oscillator will not overload subsequent stages, and 
provides carrier suppression for modulators. 

The gain performance and generation of harmonics in the 
CA3004, CA3005, and CA3006 mixer circuits are dependent on 
the amplitude of the oscillator drive signal and the dc bias. The 
expression for product detection or frequency multiplication in 
the CA3005 or CA3006 (consult Fig. 153) is determined as 
follows: 

Co = ei gm Zl (189) 

where eo is the output voltage, ei is the differential input voltage, 
gm is the transconductance of the differential pair of transistors 
(Qi and Q 2 ), and Zl is the load impedance (total between col¬ 
lectors). For a balanced circuit, the transconductance is given by 

The term lo represents the collector current of transistor 
Qs and may be expressed as 

lo ~ ^2 


(191) 



198 


RCA Linear Integrated Circuit Fundamentals 



Fig. 153 — Circuit diagram of a CA3005 or CA3006 balanced mixer 
(operating mode D). The equations derived for product detection or 
multiplication are based on this circuit. 

where gm 2 is the transconductance of transistor Q 3 and e 2 is the 
input voltage applied to transistor Q3. The output voltage, Co, 
therefore, is given by the following equation: 

e„ = ^ ei e 2 g., (192) 

Eq. (192) is a general expression for the output voltage of 
the mixer having input signals ei and e 2 . With emitter degenera¬ 
tion in the constant-current transistor (Q3), gm 2 is essentially 
constant for a sufficiently large emitter current (greater than 1 
milliampere); the current lo, therefore, follows the applied volt¬ 
age 02 . 

When ei and 02 are sinusoidal and gm is constant, the input 
signal voltages are given as follows: 


ei = El + El (193) 

e2 = E 2 e^"2^ + E 2 (194) 

* * 


(El is the conjugate of Ei, and E 2 is the conjugate of E 2 ) 
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With the substitution of these relationships, the equation for 
the output voltage for the CA3005 or CA3006 then becomes 

Co = gm2 Zl [EiE^eX"! +" 2 ’' + EiE2e“'<"i +" 2 ’*] 

2KT 

+ ^ gms Zl [EiE2e'<“i “ “2>‘ + EiE2e-><“i - “2«] (195) 

2KT 

Eq. (195) gives the output voltage for a CA3005 or CA3006 
used as a product detector or multiplier. (Note that only the two 
sideband frequencies are included in the output.) The require¬ 
ments for product detectors or multipliers are that the circuit 
should be biased in a linear region with a small signal voltage ap¬ 
plied. Because aqgmo/^KT is essentially constant, the gain of the 
mixer is determined from Zl and the eie 2 product. The linearity 
of the CA3006 is illustrated by the curve of the conversion trans¬ 
conductance as a function of the oscillator voltage, shown in Fig. 
154. (Although the curve is plotted on logarithmic paper because 
of the wide range, the relationship is linear.) The gain reaches a 



Fig. 154 — Conversion gain of a CA3005 or CA3006 mixer circuit 
as a function of the oscillator voltage. 
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maximum value at approximately 2.5 volts rms. Because measure¬ 
ment inaccuracies prevent the use of this curve to determine har¬ 
monic generation, spurious-signal measurements were taken on 
CA3005 and CA3006 mixer circuits. For these measurements, the 
rf input was untuned and the oscillator and if frequencies 
were held constant. For a fixed amplitude of oscillator injection 
on terminal 3, the rf was varied in frequency, and the amplitude 
of the responses was recorded. The results are shown in Table 
XIX. The spurious signals generated are a function of oscillator 
drive. A low oscillator drive (0.1 volt rms) produced only three 
spurious signals for which the rejection was less than 70 dB down. 

Table XIX —Response of a CA3005 or CA3006 Mixer to 
Spurious Harmonics 



Signal 

Frequency 


Difference-Frequency Output 
(dB relative to fo — far) 


Frequency 

far 

(MHz) 

1 

for Vosc at Term. 
0.7 

3 (Vrms) of 

0.3 

0.1 

fo-fx 

1.0 

0 

0 

0 

o' 

fif 

0.659 

7.5 

10 

18 

27 

2fx-fo 

1.159 

-53.1 

-53.1 

cn 

1 

-52.3 

2fo-2f. 

1.329 

-76.1 

_ 

— 

— 

2f.-2fo 

1.988 

-75.5 

— 

— 

— 

fx-fo 

2.318 

0 

0 

0 

0 

2fo-fx 

2.659 

-31.7 

-35 

-39.7 

-47.8 

2fx-3fo 

2.813 

-79.6 

— 

— 

— 

fx-2fo 

3.977 

-31.7 

-35 

-39.7 

-47.8 

3fo-fx 

4.309 

-35.8 

-59.3 

-74.7 

— 

fx-3fo 

5.627 

-38.5 

-57 

-74 

— 

4fo-fx 

5.977 

-38.9 

-63 

— 

— 

fo = 1.659 MHz; Vosc = oscillator injection voltage. 

All blank spaces indicate difference-frequency output more than 70 dB below the fo — fx output. 


These measurable spurious responses were third-order products 
that involved the second harmonic of either the oscillator or rf 
signal. The relative if gain increases with decreasing oscillator drive 
because of lower mixer gain. 

The common-mode cancellation of the oscillator signal at the 
collector outputs is indicative of the carrier suppression that can 
be provided in modulators. The carrier suppression is a function 
of output tuned-circuit balance and the transistor offset voltage. 
The contribution of the offset is illustrated in Figs. 155 and 156 
which show the output signal as a function of the offset voltage for 
the CA3004 and for the CA3005 or CA3006, respectively. These 
data were obtained on circuits operated with a balanced output 
tuned to the oscillator frequency. 

Mixers — The use of the CA3004 and the CA3005 or 
CA3006 as balanced mixers to convert 20 MHz to 1.75 MHz, is 
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Fig. 155 — Cancellation of the oscillator signal at the output of a 
CAS004 mixer as a function of the dc offset voltage. 

shown in Fig. 157. Because the input impedances of the two cir¬ 
cuits differ by a factor of approximately 2:1, typically 4000 ohms 
for the CA3004 and 2200 ohms for the CA3005 or CA3006, dif¬ 
ferent input transformers (Ti) are required; the other tuned cir¬ 
cuits, however, are the same. The output load impedance between 
collectors is approximately 8000 ohms. The conversion power 
gain and noise figure as a function of the oscillator drive are shown 
in Figs. 158 and 159. Power gain increases and noise figure de¬ 
creases with increases in oscillator drive. 

Suppressed-Carrier Modulator and Product Detector — The 
CA3005 and CA3006 can be used in a suppressed-carrier double¬ 
sideband modulator and product detector. The double-sideband 
modulator is a convenient vehicle to evaluate carrier suppression 
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Fig. 156 — Cancellation of the oscillator signal at the output of a 

CA3005 or CA3006 mixer as a function of the dc offset voltage. 

and product detection. With the two circuits coupled together, the 
relation between modulation distortion and drive levels is readily 
established. 

Feedback may cause oscillation or unbalance; care must, 
therefore, be taken in the external-circuit layout design. Shielding 
must also be provided for both the double-sideband modulator and 
product detector. 

The circuit diagram of the double-sideband modulator is 
shown in Fig. 160. The modulating signal is applied single-ended 
to the differential pair of transistors, Qi and Q 2 , and the oscillator 
signal is applied to the base of transistor Q 3 . The output is taken 
double-ended from the balanced transformer, T 2 . The carrier 
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Fig. 157 — Circuit diagrams for the use of CA3004, CA3005, and 
CA3006 integrated circuits as balanced mixers to convert an input 
frequency of 20 MHz to an output frequency of 1.75 MHz. 
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OSCILLATOR DRIVE VOLTAGE AT TERMINAL N0.3-VOLTS RMS 


Fig. 158 — Power gain and noise figure as a function of the oscillator 
drive voltage for the CA3005 or CA3006 balanced mixer. 



0 10 20 30 40 50 

OSCILLATOR DRIVE VOLTAGE AT TERMINAL No.2-VOLTS RMS 


Fig. 159 — Power gain and noise figure as a function of the oscillator 
drive voltage for the CA3004 balanced mixer. 

suppression is a function of bilateral symmetry (offset, output- 
transformer balance and modulation drive circuits) and the modu- 
lation-to-carrier drive ratio. With the external-circuit bilateral 
symmetry carefully preserved, the carrier output is approximately 
25 dB below the double-sideband output for CA3006 units (offset 
^ 1 millivolt) operated with a drive Vi = 10 millivolts rms and 
V 2 = 31.5 millivolts rms. Although the signal-to-carrier ratio of 
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Fig. 160 — Circuit diagram for the use of the CA3005 or CA3006 
as a double-sideband, suppressed-carrier modulator. 

25 dB represents an inadequate rejection for most systems (40 
to 60 dB is usually required), this value relaxes the filter require¬ 
ments from those necessary on more commonly used single-side¬ 
band modulators. An improvement over the 25-dB ratio is obtained 
if the modulation drive Vi is increased and the carrier drive V 2 is 
decreased, because the output is a function of the product of Vi 
and V 2 . 

The circuit diagram for a product detector is shown in Fig. 
161. The product detector, which provides the advantage of a 
double-ended out-of-phase output, is driven through a 50-ohm 
adjustable feed by the double-sideband signal from the modulator. 
The levels of Vi, V 2 , V 4 , and V 5 are altered to establish the relation¬ 
ship between the harmonic distortion and drive levels as well as 
gain values for typical operation. The results are shown in Table 
XX. Overdrive by the modulation (vi) or the modulated signal 
(V 4 ) results in third-harmonic distortion of the detected signal. 
It should be noted that gain is a function of either the product of 
Vi and V 2 , or the product of V 4 and V 5 . 

Video-Amplifier Capabilities 

The CA3004, CA3005, and CA3006 integrated circuits may 
be used as video amplifiers, as shown in Figs. 162(a) and 162(b). 
A relatively large number of external components is required, and 
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Fig. 161 —Circuit diagram for the use of a CA3005 or CA3006 as 
a product detector. 

the availability of internal-circuit connections for these external 
components provides a large degree of flexibility to the user with 
respect to such factors as bandwidth, gain, power dissipation, and 
peaking. In the circuit shown in Fig. 162(a), Ri should be equal 
to R 2 to preserve the circuit balance, and C 2 should be an ade¬ 
quate bypass so that the noise factor and gain are not degraded. 
For the cascode configuration shown in Fig. 162(b), C 2 is an 
emitter bypass, and its reactance should be less than 1.5 ohms at 
the lowest video frequency to be handled. 

In either cascode or single-ended differential-amplifier con¬ 
figurations, the feedback is low. Each configuration provides good 
isolation from output to input; the high-frequency performance 
therefore can be approximated from the input and output parallel 
R and C for a single stage or from the total shunt R and C be¬ 
tween stages for an iterative connection. The mid-frequency volt¬ 
age gain can be computed from the familiar gniRu product. As an 
aid to such calculations. Table XXI gives the input and output 
parallel R and C and the absolute values of gm for the various 
circuits and configurations for operation at 1, 10, and 40 MHz. 
For more precise, but more elaborate calculations, the y parame¬ 
ters may be used for video-amplifier design. 
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Table XX —Gain and Distortion as a Function of Different Drive 
Levels for a Double-Sideband Modulator and Product Detector 
Using the CA3006 


Variable 

Term. 3 

Voltages ^ (mV rms) 

Mcc Va 


V6 

3rd Harmonic 
Distortion 
(dB below 
fundamental) * 

Vi varied, V 2 = 

= 31.5 mV, V4 r 

= 1 mV, Vs = 

= 0.5 mV 




5 

296 

46 

4.95 

4 

36 

54 

10 

296 

80 

8.9 

4 

36 

54 

30 

296 

250 

26.6 

4 

36 

37.5 

Vo varied, Vi = 

I 10 mV, V 4 = 

1 mV, Vs 

0.5 mV 




31.5 

296 

83 

8.9 

4 

36 

54 

100 

960 

262 

28 

4 

36 

51 

315 

2960 

830 

8.9 

4 

36 

50 

V 4 varied, Vi = 

z 10 mV, V 2 - 

31.5 mV, Vs 

zr: 0.5 mV 




0.5 

296 

83 

8.9 

2 

17.5 

54 

1 

296 

83 

8.9 

4 

36 

52 

3 

296 

83 

8.9 

12 

no 

47.5 

5 

296 

83 

8.9 

20 

188 

37- 

Vs varied, Vi r 

= 10 mV, V 2 = 

31.5 mV, V 4 

=: 1 mV 




0.315 

296 

83 

8.9 

4 

23 

544 

0.5 

296 

83 

8.9 

4 

36 

54 

1.0 

296 

83 

8.9 

4 

86 

50 


^ See Figs. 160 and 161 for explanation of voltage designations. 

* 2nd, 4th, and 5th harmonics more than 60 dB down except as noted. 
■ 2nd harmonic 51 dB down, 5th harmonic 59 dB down. 
t 2nd harmonic 56 db down. 



Fig. 162 — Schematic diagrams showing the use of the integrated- 
circuit rf amplifiers as video amplifiers: (a) CA3004 in a differential- 
amplifier configuration; (b) CA3005 or CA3006 in a cascode-amplifier 
configuration. 
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Table XXI— Input and Output Parallel RC Network, Trans¬ 
conductance, and Video Performance Data for CA3004, CA3005, 
and CA3006 RF Amplifiers^ 


Input Output Transcon- 


Frequency 

(MHz) 

Parallel RC 

Rin Cin 

(ohms) (pF) 

Parallel RC 

Rout Cout 

(ohms) (pF) 

ductance 

gm 

(mmhos) 

CA3005 or CA3006 Cascode Operation 




1 

500 42 

-1.67x106 

3 

78 

10 

500 42 

-1.67x106 

3 

77 

40 

180 22 

-6x105 

3 

58 

CA3005 or CA3006 Differential-Amplifier Operation 



1 

2500 16 

105 

4 

20 

10 

1800 13 

4x104 

4 

20 

40 

670 10.5 

2800 

7.6 

18.6 

CA3004 Differential-Amplifier Operation 




1 

6650 8 

1.7x105 

6.5 

7.8 

10 

6650 6.2 

105 

6.1 

7.8 

40 

2000 5 

2x104 

6.8 

7.6 

Video Performance (Simulated Iterative Connection) 





High- 

Frequency 

Mid-Band 



Interstage 3-dB Point 

Voltage 



Rl I 

(MHz) 

Gain (dB) 

Type 

Operation 

(ohms) Meas. Calc. 

Meas. Caic. 

CA3005 

Cascode 

150 23 

20 

19.3 20.6 

or CA3006 

Differ. 




CA3005 

Ampl. 

500 18 

16 

19.5 20.0 

or CA3006 

Differ. 




CA3004 

Ampl. 

1000 18.4 

15 

17.2 18.0 


* Data obtained for circuits operated from ±6-volt dc supplies in operating mode D. 


INTEGRATED-CIRCUIT OPERATIONAL AMPLIFIERS 

The RCA CA3008 and CA3010 operational amplifiers are 
designed to operate from two symmetrical low- or medium-level 
dc power supplies (at supply voltages in the range from ±3 volts 
to ±6 volts). The power dissipation in the amplifiers ranges from 
7 to 92 milliwatts depending upon the supply-voltage level and 
the desired output-power level. The amplifiers are primarily in¬ 
tended to operate with externally applied negative feedback; how¬ 
ever, they may also be operated successfully under open-loop 
conditions. The CA3008 operational amplifier is supplied in a 
14-terminal flat-pack; the CA3010 operational amplifier is sup¬ 
plied in a 12-terminal TO-5 style package. With the exception of 
the differences in their package construction, the two operational 
amplifiers are identical. 
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Circuit Description 

Fig. 163 shows the schematic diagram of the CA3008 or the 
CA3010 operational amplifier. The numerals shown alongside the 
circuit terminals indicate the terminal designations for the CA3008 
14-terminal flat-pack and CA3010 12-terminal TO-5 package. 
The numerals enclosed in squares are the designations for the 
CA3010 package. (The number designations used to refer to 


vcc 



Fig. 163 —Schematic diagram of the CA3008 or CA3010 integrated- 
circuit operational amplifier. 

specific terminals are those for the CA3008 14-terminal flat- 
pack. The corresponding terminals on the CA3010 12-terminal 
TO-5 package can be determined from the schematic in Fig. 163.) 

Each operational amplifier consists basically of two differen¬ 
tial amplifiers and a single-ended output circuit in cascade. The 
pair of cascaded differential amplifiers are responsible for virtually 
all the gain provided by the operational-amplifier circuit. The 
inputs to the operational amplifier are applied to the bases of the 
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pair of emitter-coupled transistors, Qi and Q 2 , in the first differ¬ 
ential amplifier. The inverting input (at terminal 3) is applied 
to the base of transistor Q 2 , and the noninverting input (at termi¬ 
nal 4) is applied to the base of transistor Qi. These transistors 
develop the driving signals for the second differential amplifier. 
A dc constant-current-sink transistor, Qe, is also included in the 
first stage to provide bias stabilization for transistors Qi and Q 2 . 
Diode Di provides thermal compensation for the first differential 
stage. 

The emitter-coupled transistors, Q3 and Q4, in the second 
differential amplifier are driven push-pull by the outputs from the 
first differential amplifier. Bias stabilization for the second differ¬ 
ential amplifier is provided by current-sink transistor Q7. Com¬ 
pensating diode D 2 provides the thermal stabilization for the 
second differential amplifier and also for the current-sink tran¬ 
sistor, Qo, in the output stage. 

Transistor Q 5 develops the negative feedback to reduce com¬ 
mon-mode error signals that are developed when the same input 
is applied to both input terminals of the operational amplifier. 
Transistor O 5 samples the signal that is developed at the emitters 
of transistors Q3 and Q4. Because the second differential stage is 
driven push-pull, the signal at this point will be zero when the 
first differential stage and the base-emitter circuits of the second 
stage are matched and there is no common-mode input. A portion 
of any common-mode, or error, signal that appears at the emit¬ 
ters of transistors Q 3 and Q 4 is developed by transistor Q 5 across 
resistor R2 (the common collector resistor for transistors Qi, Q2, 
and Qs) in the proper phase to reduce the error. The emitter cir¬ 
cuit of transistor Q 5 also reflects a portion of the same error 
signal into current-sink transistor Q 7 in the second differential stage 
so that the activating error signal is further reduced. 

Transistor Q 5 also develops feedback signals to compensate 
for dc common-mode effects produced by variations in the supply 
voltages. For example, a decrease in the dc voltage from the posi¬ 
tive supply results in a decrease in the voltage at the emitters of 
transistors Q3 and Q4. This negative-going change in voltage is 
reflected by the emitter circuit of transistor Q 5 to the bases of 
current-sink transistors Q 7 and Qg. Less current then flows through 
these transistors. The decrease in the collector current of transistor 
Q 7 results in a reduction of the current through transistors Q 3 and 
Q4, and the collector voltages of these transistors tend to increase. 
This tendency to increase on the part of the collector voltages par- 
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tially cancels the decrease that occurs with the reduction in the 
positive supply voltage. The partially cancelled decrease in the 
collector voltage of transistor Q 4 is coupled directly to the base of 
transistor Qs and is transmitted by the emitter circuit of this tran¬ 
sistor to the base of output transistor Qio. At this point, the de¬ 
crease in voltage is further cancelled by the increase in the collector 
voltage of current-sink transistor Q 9 that results from the de¬ 
crease in current mentioned above. 

In a similar manner, transistor Qr, develops the compensating 
feedback to cancel the effects of an increase in the positive supply 
voltage or of variations in the negative supply voltage. Because of 
the feedback stabilization provided by transistor Q 5 , the CA3008 
and CA3010 operational amplifiers provide high common-mode 
rejection, have excellent open-loop stability, and have a low sensi¬ 
tivity to power-supply variations. 

In addition to their function in the cancellation of supply- 
voltage variations, transistors Os, Q9, and Qio are used in an 
emitter-follower type of single-ended output circuit. The output 
of the second differential amplifier is directly coupled to the base 
of transistor Qs, and the emitter circuit of transistor Qs supplies 
the base-drive input for output transistor Qio. A small amount of 
signal gain in the output circuit is made possible by the bootstrap 
connection from the emitter of output transistor Qio to the emitter 
circuit of transistor Q 9 . If this bootstrap connection were neglected, 
transistor Q 9 could be considered as merely a dc constant-current 
sink for drive transistor Qs. Because of the bootstrap arrangement, 
however, the output circuit can provide a signal gain of 1.5 from 
the collector of differential-amplifier transistor Q 4 to the output 
(terminal 12). Although this small amount of gain may seem insig¬ 
nificant, it does increase the output-swing capabilities of the 
operational amplifiers. 

The output from the operational-amplifier circuit is taken 
from the emitter of output transistor Qio so that the dc level of 
the output signal is substantially lower than that of the differential- 
amplifier output at the collector of transistor Q4. In this way, the 
output circuit shifts the dc level at the output so that it is effec¬ 
tively the same as that at the input when no signal is applied. 

Resistor R 15 in series with terminal 8 (refer to Fig. 163) in¬ 
creases the ac short-circuit load capability of the operational am¬ 
plifier, when this terminal is shorted to terminal 12 so that the 
resistor is connected between the output and the negative supply. 
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Operating Requirements and Characteristics 

The operating characteristics of the CA3008 and CA3010 
integrated-circuit operational amplifiers are identical. The charac¬ 
teristics data given in the following paragraphs, therefore, apply 
equally to each type. 

DC Characteristics — The operational amplifiers are designed 
to operate from two symmetrical dc power supplies at supply volt¬ 
ages in the range from ±3 volts to ±6 volts. For operation with 
±3-volt supplies, the power dissipation in the amplifiers is less than 
7.0 milliwatts with terminal 8 open or 23 milliwatts with terminal 
8 shorted to terminal 12. When zt6-volt supplies are used, the dis¬ 
sipation level increases to either 30 or 92 milliwatts, depending 
upon whether terminal 8 is open or shorted to terminal 12. 

The input offset voltage for the operational amplifiers is 
typically 1.1 millivolts for all symmetrical supply voltages. This 
parameter is relatively insensitive to variations in the supply volt¬ 
ages. When ±6-volt supplies are used, the variation in the input 
offset voltage with fluctuations in supply voltage is typically less 
than 300 microvolts per volt for either supply. For ±3-volt sup¬ 
plies, the variation is typically 700 microvolts per volt. The offset 
voltage varies slightly with temperature as shown in Fig. 164. (Fig. 
165 shows the schematic diagram of the special test circuit used 
for the offset-voltage measurements.) 



Fig. 164 — Input offset voltage and input offset current as a function 
of temperature. 
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Note: Pins 8 and 12 should be shorted for the pertinent power- 
dissipation measurement only. 

Fig. 165 — Test circuit used to measure the input offset voltage. 

The input bias current and the input offset current of the 
amplifiers are typically 5.3 microamperes and 0.54 microampere, 
respectively, when dz 6 -volt supplies are used. Figs. 164 and 166 
show the variations in these parameters with temperature. 
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Fig. 166 — Input bias current as a function of temperature. 


Gain-Frequency Response — The operational amplifiers pro¬ 
vide a gain of 60 dB at low frequencies and have a unity-gain 
bandwidth of 18 MHz when operated from ±6-volt supplies. The 
typical gain-frequency response is shown in Fig. 167 for operation 
of the amplifier at —55°C, at 25°C, and at 125°C. The response 
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of the amplifier exhibits little change over the temperature range. 
A typical gain-frequency characteristic for amplifiers operated 
from zh3-volt supplies at 25°C is shown in Fig. 168. 



Fig. 167 — Open-loop gain as a function of frequency. 



Fig. 168 — Voltage gain as a function of frequency. 


Transfer Characteristic — The transfer characteristic of the 
operational amplifiers is shown in Fig. 169. This characteristic 
shows that the amplifiers do not exhibit any hysteresis effect. 
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Fig. 169 — Output voltage as a function of input voltage for an 
open-loop operational amplifier. 

Common-Mode Rejection — The common-mode rejection 
provided by the operational amplifiers is typically 94 dB for opera¬ 
tion with ±;6-volt supplies. Fig. 170 shows the differential-gain and 
common-mode gain frequency plots for the amplifiers. Fig. 171 
shows the common-mode rejection as a function of frequency. 
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Fig. 170 — Differential and common-mode gain as a function of 

frequency. 
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FREQUENCYCf)- MHz 

92CS-I355I 


Fig. 171 — Common-mode rejection as a function of frequency. 

Output Swing — The operational amplifiers exhibit a maxi¬ 
mum dynamic-swing capability of ±3.5 volts with terminal 8 open 
and of ±3.0 volts with terminal 8 shorted to terminal 12. The 
output-swing capability varies only slightly with temperature, as 
shown in Fig. 172. Fig. 173 shows the variation in the output¬ 
swing capability with frequency. 
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Fig. 172 — Output-swing capabilities as a function of temperature. 

Input and Output Impedances — When the CA3008 or 
CA3010 operational amplifier is operated from ±6-volt supplies, 
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Fig. 173 — Output-swing capabilities as a function of frequency. 

it has an input impedance of 14,000 ohms at 1 KHz and an output 
impedance of 200 ohms (terminal 8 open) or 75 ohms (terminal 
8 shorted to terminal 12). The input impedance and output im¬ 
pedance of the amplifier are affected by temperature as shown in 
Figs. 174 and 175, respectively. 

Output-Power Capability — A choice of two output-power 
capabilities is provided in the CA3008 and CA3010 operational 
amplifiers. The output can be tailored to the specific load require¬ 
ments by leaving terminal 8 open and placing an appropriate re¬ 
sistor between terminals 6 and 12. The minimum safe value of load 
resistance (including the aforementioned resistor) is 200 ohms 
when ± 6-volt supplies are used. In determining the output capa¬ 
bility, it should be kept in mind that the feedback network can 
contribute to the output loading especially in the lower-gain con 
figurations. 

The output-power capability of the operational amplifiers can 
be increased by the addition of an external emitter-follower output 
stage or a class B push-pull output stage. The emitter-follower ap¬ 
proach is highly inefficient from a dissipation standpoint. A class 
B push-pull output stage, added as shown in Fig. 176, works well 
in a closed-loop circuit, but is subject to thermal runaway under 
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FREE-AIR TEMPERATURE (T|r/^)—‘C 

92CS-I3526T 


Fig. 174 — Input impedance as a function of temperature. 

open-loop conditions. The thermal-runaway effect may be con¬ 
trolled by the introduction of a small amount of emitter degenera¬ 
tion in each of the push-pull transistors. The load requirements, 
however, are sometimes severe enough to preclude the use of 
emitter degeneration. Moreover, depending on the choice of com¬ 
plementary transistors, the addition of the push-pull amplifier may 
limit the over-all bandwidth. 



-75 -50 -25 0 25 50 75 100 125 

FREE-AIR TEMPERATURE (TpA)—*C 

92CS-I3540T 

Fig. 175 — Output impedance as a function of temperature. 
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DRIVING SOURCE 



(INVERTING CONFIGURATION) 

OR GROUND 

(NON-INVERTING CONFIGURATION) 


Fig. 176 — Schematic diagram showing the addition of an external 
push-pull output stage to increase the output capability of an opera¬ 
tional amplifier. 


Applications of the Operational Amplifiers 

The response characteristics of an operational amplifier can 
be controlled by an external feedback circuit. Because of this feed¬ 
back control, the amplifier can be used to synthesize a wide variety 
of transfer functions and is, therefore, useful in many diverse appli¬ 
cations. Figs. 177 and 178 show the basic schematic diagrams for 
the use of the CA3008 or CA3010 operational amplifier in the 
inverting and noninverting feedback configurations, respectively. 
For convenience, the “classical” design equations for each type of 
configuration are repeated below the schematic diagram. In each 
configuration, the two inputs are returned to ground through dc 
paths that are effectively identical, as required to assure a minimum 
offset voltage. 
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Vqut _ _ —Zt _ _ ^ 

ViN Zr + (Zf + Zr)/Ao(a)) Zr 



Fig. 177 — Inverting-feedback configuration for an operational am¬ 
plifier. 

The open-loop input capacitance of the CA3008 and CA3010 
integrated-circuit operational amplifiers is less than 10 picofarads; 
the frequency response of these amplifiers, therefore, is virtually 
independent of the drive source impedance. The input-impedance 
equations given in Figs. 177 and 178 indicate that this lack of 
dependence is even more pronounced when the amplifiers are 
operated with negative feedback. 

In any given application of the operational amplifiers, small 
values of capacitance properly added to the circuit will provide the 
required phase compensation. When ±6-volt supplies are used, two 
phase-compensating networks, each of which consists of a 27- 
picofarad capacitor in series with a 2000-ohm resistor, connected 
between terminals 1 and 14 and between terminals 9 and 10, cause 
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Zoi = open-loop output impedance 
Ao(w) = open-loop gain 

Rr = Zr (o) = 0)^Zf (cO — 0) 


Vqut __ Ao(aj) (Zr -h Zf) ^ ^ 

ViN Zr + Zf + Zo Zr Zr 



( Vqut \ 

Ao(a)) / 

Fig. 178 — Noninverting-feedback configuration for an operational 

amplifier. 

the closed-loop response of the integrated-circuit operational am¬ 
plifier to roll off at a slope of one (6 dB per octave) all the way 
to unity gain (where it then breaks into a slope of two). This 
value of compensation is sufficient to stabilize the amplifier for all 
resistive-feedback applications including unity gain. The response 
for this value of phase compensation is compared to the original 
open-loop response in Fig. 179. Although the two compensating 
networks are sufficient to ac-stabilize the amplifier, they are not 
sufficient to produce a flat response (within ±1 dB) for closed- 
loop gains below 15 dB. Fig. 180 shows a plot of the capacitance 
required to produce a flat (±l-dB) gain response as a function 
of closed-loop gain. The capacitors must have a resistor in series 
with them so that l/(27rRC) = 3 MHz. 
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Fig. 179 — Open-loop gain as a function of frequency for both phase- 
compensated and uncompensated operational amplifiers. 


Phase compensation may also be effected conventionally by 
adding a capacitor in series with a resistor between terminal 11 and 
ground. A 0.02-microfarad capacitor in series with a 22-ohm re¬ 
sistor is sufficient to ac-stabilize the integrated-circuit operational 
amplifier at resistive closed-loop gains down to unity. 
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Fig. 180 — Amount of phase-compensating capacitance required to 
obtain a flat (± 1-dB) gain response as a function of frequency. 


The required phase compensation depends upon the feedback 
configuration and not upon the location of the drive source. Hence, 
phase-compensating networks that provide sufficient compensation 
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for a 10-dB noninverting configuration also provide sufficient com¬ 
pensation for a 6-dB inverting configuration because the two feed¬ 
back configurations are identical. 

Video Amplifiers — When the feedback is applied through a 
purely resistive network and suitable phase compensation is em¬ 
ployed, flat gains are attainable from the operational amplifiers. 
Fig. 181 shows a 30-dB noninverting configuration of a video am¬ 
plifier, together with the closed-loop response of the circuit. The 
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Fig. 181—Noninverting configuration and closed-loop response of 
an operational-amplifier type of video amplifier that provides a gain 

of 30-dB. 

phase compensation is provided by a 5-picofarad capacitor in series 
with a 10,000-ohm resistor. This arrangement provides the required 
amount of compensation, as predicted in Fig. 180. (For purposes 
of comparison, the uncompensated response of the 30-dB con¬ 
figuration is shown in Fig. 182. Observe the 13-dB peaking effect 
at 4.5 MHz.) An alternate method of phase compensation may be 
used when the intersection of the closed-loop characteristic and the 
open-loop response occurs in a two-slope region. The technique is 
to cause the feedback ratio (Zf/Zr) to roll off at a slope of one. 
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Fig. 182 — Circuit diagram and gain-frequency response of the 30-dB 
noninverting video amplifier operated without phase compensation. 

Fig. 183 illustrates this alternate technique for the 30-dB gain 
circuit. 

The low-frequency input impedance of the 30-dB noninvert¬ 
ing configuration is 480,000 ohms, as calculated from the appro¬ 
priate equation in Fig. 178 (Zi = 14,000 ohms). 


+ 6 V 



Fig. 183 — Circuit diagram and gain-frequency response of the 30-dB 
video amplifier when the phase compensation is accomplished by the 
addition of a capacitor in parallel with the feedback resistor. 
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Fig. 184 shows the configuration and the response of a 6-dB 
inverting type of video amplifier. The intersection of the closed- 
loop characteristic with the compensated open-loop response pre¬ 
dicts the 3-dB bandwidth of the video amplifier provided the 



-6 V 


Fig. 184 — Circuit diagram and response of an inverting type of 
operational amplifier used as a 6-dB video amplifier. 

transfer phase shift of the open-loop amplifier is approximately 
—90 degrees. This relationship suggests a way to extend the band¬ 
width without peaking. In the 6-dB video amplifier shown in Fig. 
185, the 3-dB bandwidth has been increased from 5.6 to 11 MHz 
by a decrease in the value of the phase-compensating capacitors 
from 56 to 33 picofarads. 

Because a broad-band amplifier should be capable of handling 
digital signals, data were taken to determine this capability. Figs. 
186(a) and 186(b) illustrate the pulse-handling capabilities of the 
30-dB noninverting circuit shown in Fig. 181. Fig. 186(a) shows 
the low-level (non-saturating) pulse response. The input is a 38- 
millivolt, 960-nanosecond pulse; the output is a 1.1-volt pulse 
having a 40-nanosecond delay time, a zero storage time, and 125- 
nanosecond rise and fall times. Fig. 186(b) shows the response of 
the amplifier for a 960-nanosecond input pulse under 20-dB over¬ 
drive conditions. The output pulse has an amplitude of 3.2 volts, 
a delay time of 32 nanoseconds, a storage time of 160 nanoseconds, 
a rise time of 500 nanoseconds, and a fall time of 160 nanoseconds. 
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Fig. 185 — Effect of a decrease in the phase-compensating capacitance 
from 56 picofarads to 33 picofarads on the response of the 6-dB video 

amplifier. 


Low-Level Pulse 

ViN = 38 mV 
VoUT — 1.1 V 
td = 40 ns 
ts = 0 ns 
tr = tf = 120 ns 


Overdriven Pulse 

ViN = 1.27 V 
VouT “ 3.2 V 
td = 32 ns 
ts = 160 ns 
tr = 500 ns 
tf = 160 ns 

(b) 


Note: 

td = DELAY TIME 
ts = STORAGE TIME 
tr :r= RISE TIME 
tf =: FALL TIME 


Fig. 186 — Pulse-handling characteristics of the noninverting 30-dB 
video amplifier: (a) Low-Level pulse response; (b) Pulse response 
under overdrive conditions. 
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Frequency-Shaping Amplifiers — The operational amplifiers 
may be used to create simple frequency-shaped characteristics, 
such as those associated with band-pass, notched-response, and 
single-tuned narrow-band amplifiers. 

Fig. 187 shows a noninverting amplifier that may be used to 
synthesize the following peaked-response transfer function: 




(196) 


In terms of the notations employed in Fig. 25, the break- 
frequency equations for the amplifier may be expressed as follows: 
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800 kHz (200) 

27rCn(40lln T“ Hf) 

These break-frequency equations are the precise equations 
derived from the gain equation in Fig. 178. The amount of phase 
compensation required is that shown in Fig. 180 for a noninverting 
gain of 20 dB. 

Fig. 188 shows the circuit configuration and the frequency 
response of a narrow-band, 100-KHz tuned amplifier. The circuit 
Q is 33.3. A true single-tuned response can be obtained from only 
an inverting circuit configuration, as shown by the gain equation 
for the two types of configurations given in Figs. 177 and 178 and 
repeated below: 

1. For the inverting configuration, the gain equation is given 
as: 


k'OUT 


Vi 


= -Zr/Zr 


2. For the noninverting configuration, the following gain 
equation is used: 


Vqijt 

ViN 


1 + Zr/Zr 
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+ 6 V 



Fig. 187 — Circuit diagram and response of a noninverting type of 
operational amplifier used to synthesize peaked-response transfer 

functions. 


+ 6 V 



Fig. 188 — Circuit diagram and response of inverting type of opera¬ 
tional amplifier used as a narrow-band 100-kHz tuned amplifier. 
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The “1+” term in the gain expression for the noninverting con¬ 
figuration indicates that the gain of this type of circuit will never 
decrease to zero as required for a true single-tuned response. The 
amount of phase compensation required for the narrow-band 100- 
kHz amplifier is the value given in Fig. 180 for an inverting gain 
of 0.0 (infinite attenuation). 

Comparators — The CA3008 and CA3010 operational am¬ 
plifiers have excellent transfer characteristics for comparator appli¬ 
cations. As shown in Fig. 169, the amplifiers have no observable 
hysteresis effect; the trace (minus to plus) and retrace (plus to 
minus) excursions coincide. 

Integrators — The important design consideration when an 
operational amplifier is to be used as an integrator is that the dc 
feedback path has a time constant which is much shorter than the 
periods for the frequencies of interest. This relationship is neces¬ 
sary so that an offset (error) voltage cannot continuously charge 
the feedback capacitor until the amplifier limits. Fig. 189 shows 
the circuit configuration for the use of the CA3008 or CA3010 
operational amplifier as an integrator and the responses of the cir¬ 
cuit for 1-kHz square-wave inputs. The dc gain of the circuit is 


I-1 




OUTPUT-0.2 V/DIV. 


fi|0 kHz i 



OUTPUT = 50 mV/DIV 


Fig, 189 — Circuit diagram and the input and output waveforms for 
an operational amplifier used as an integrator. 
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limited to 20 dB by the 390,000-ohm feedback resistor. The effect 
of this resistor on the gain, however, becomes negligible for ac sig¬ 
nals at frequencies above 13 Hz because of the 0.03-microfarad 
capacitor in parallel with it. The weighting factor of integration for 
the circuit is about 1 millisecond (R = 39,000 ohms; C = 0.03 
microfarad). 

Phase compensation must also be provided in an integrating 
amplifier circuit to assure ac stability. In general, the amount of 
compensation required is the maximum value given by Fig. 180, 
because the closed-loop characteristic of the integrator has rolled 
off completely at the frequency where the intersection of the open- 
loop response and the closed-loop characteristic occurs. 

Differentiators — The main problem in the design of differen¬ 
tiating amplifiers is that the gain of such amplifiers increases with 
frequency; hence, they are susceptible to high-frequency noise. The 
classical remedy for this effect is to connect a small resistor in series 
with the input capacitor so that the high-frequency gain is de¬ 
creased. Actually, the addition of the resistor results in a more 
realistic model of a differentiator because a resistance is always 
added in series with the input capacitor by the source impedance. 
The schematic diagram of a CA3008 or CA3010 operational am¬ 
plifier used as a differentiating circuit and the response of the circuit 
for 1-kHz square waves are shown in Fig. 190. A value of 51 
ohms is selected for the gain-limiting resistor to illustrate that the 
effect of the source impedance is not necessarily negligible in dif- 


39 K Zf 



f=l:kHzi 


INPUT-2 mV/DIV: 


OUTPUT-IV/DIV, 


Fig. 190 — Circuit diagram and the input and output waveforms for 
an operational amplifier used as a differentiator. 
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ferentiator applications. This 51-ohm resistor limits the high- 
frequency numerical gain factor of the amplifier to 433. 

If the closed-loop gain of a differentiator rises to the open- 
loop value before the open-loop response has started to roll off, no 
phase compensation of the circuit is required. In order to assure 
that the intersection of the closed-loop characteristic with the 
open-loop response occurs at a slope less than two, the RC time 
constant of the phase-compensating network must be adjusted so 
that it does not roll off in the region of the intersection. 

Scaling Adders — The inverting feedback configuration of the 
CA3008 and CA3010 operational amplifiers lends itself not only 
to summing several different signals, but also to weighting each 
signal to be summed. The weighting operation is possible because 
the virtual ground that exists at the junction of the feedback re¬ 
sistor and the inverting input (terminal 3) isolates each signal 
channel from the others. The weighting operation requires that 
each input signal enter the virtual-ground node through an im¬ 
pedance of such value that its ratio to the feedback impedance is 
equal to the desired weighting factor. 

Fig. 191 illustrates the use of the CA3008 or CA3010 opera¬ 
tional amplifier as a scaling adder (weighting amplifier). This 
figure also shows a photograph of the output waveform. The mini¬ 
mum phase compensation needed for this circuit is that required 
for the gain obtained when a single signal drives all the input 
channels in parallel. 

INTEGRATED-CIRCUIT FM IF AMPLIFIERS 

The CA3011 and CA3012 wide-band amplifiers and the 
CA3013 and CA3014 amplifier-discriminators are designed for 
use in black-and-white or color television receivers or in FM 
broadcast or communications receivers. The CA3011 and CA3012 
are basically if amplifier-limiters intended for use with external 
FM detectors. The CA3013 and CA3014, however, can provide 
if amplification, noise limiting, FM detection, and low-level audio 
amplification in the sound-if section of intercarrier television re¬ 
ceivers or in FM receivers without the use of external components 
other than tuned coupling networks and bypass elements. 

Circuit Descriptions 

The circuit configurations of the CA30II and CA30I2 are 
identical; the circuits differ, however, in that the CA30I2 is capa- 
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ble of operation at higher levels of dc voltage and current. Simi¬ 
larly, the CA3013 and CA3014 are identical, except that the 
CA3014 has higher dc voltage and current ratings. 

+6 V 




Fig. 191—Circuit diagram and output waveform obtained when an 
operational amplifier is used as a scaling adder. 

Fig. 192 shows the schematic diagram of the CA3011 or 
CA3012 wide-band amplifier. The ahiplifier consists of three 
direct-coupled cascaded differential-amplifier stages and a built-in 
regulated power supply. Each of the first two stages consists of 
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an emitter-coupled amplifier and an emitter follower. The operat¬ 
ing conditions are selected so that the dc voltage at the output of 
each stage is identical to that at the input to the stage. This con¬ 
dition is achieved by operation of the bases of the emitter-coupled 

+vcc 



differential pair of transistors at one-half the supply voltage and 
selection of the value of the common-emitter load resistor to be 
one-half that of the collector load resistor. As a result, the volt¬ 
age drops across the emitter and collector load resistors are equal, 
and the collector of the emitter-coupled stage operates at a voltage 
equal to Vbe plus the common-base potential. The potential at the 
output of the emitter follower, therefore, is the same as the com¬ 
mon-base potential. 

Fig. 193 shows the schematic for the CA3013 or CA3014 
amplifier-discriminator. Each amplifier-discriminator includes a 
three-stage, direct-coupled, amplifier-limiter cascade and regulated 
power supply identical to those in the CA3011 and CA3012 wide¬ 
band amplifiers, together with an FM detector and a Darlington 
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pair low-level audio output stage, on the same silicon chip. The 
operation of the amplifier-limiter stages and the regulated power 
supply is identical to that of the wide-band amplifiers. 


+ Vcc 



Fig. 193 —Schematic diagram of the CA3013 or CA3014 integrated- 
circuit amplifier-discriminator. 

The FM detector includes all the components required for 
FM demodulation except the tuned phase-shift transformer. In 
the design of the integrated detector, the large nonintegrable diode 
load capacitors conventionally used to obtain peak rectification in 
balanced phase-shift discriminators and in ratio detectors are 
eliminated, and average detection is employed with a substantially 
resistive load. Filtering of the signal frequency and its harmonics 
is provided by the distributed capacitance of the load resistors; 
additional filtering is provided by the capacitance of the small 
reverse-biased diode junctions D 5 , Dq, and D 7 . The parallel input 
resistance at the discriminator terminals 6 and 7 is typically 12,000 
ohms; the parallel input capacitance at these terminals is typically 
7 picofarads. 

Characteristics and Applications 

The CA3011 and CA3013 are designed to operate at various 
levels of dc supply voltage up to 7.5 volts. The CA3012 and 
CA3014, which have higher supply-voltage and dissipation rat¬ 
ings, may be operated at dc supply voltages up to 10 volts. For 
each circuit, the external dc voltage is applied to terminals 10 and 
5; dc voltages required at other terminals are derived from the in- 



VOLTAGE GAIN(A)-dB 


Characteristics and Applications 


235 


ternal power supply. When the circuits are operated at the same 
dc levels, the characteristics of their amplifier-limiter stages are 
identical. For operation at 7.5 volts with an ac resistive load im¬ 
pedance of 3000 ohms from terminal 5 to ground, the output 
voltage at terminal 5 with respect to ground is typically 3 volts 
peak-to-peak. Figs. 194 through 199 show the significant charac¬ 
teristics of the FM-if amplifier integrated circuits. 



-75 -50 -25 0 25 50 75 100 125 

AMBIENT TEMPERATURE (T;^)-‘»C 

92CS-I38I3T 

Fig. 194 — Total dissipation as a function of temperature. 
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92CS-I379ST 92CS-I3796T 


Fig. 197 — Input and output impedance as a function of frequency. 
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Fig. 198 — Input limiting voltage (knee) and recovered audio¬ 
frequency voltage for operation of amplifier-discriminator at 1.75, 
4.5, and 10.7 MHz. 

The performance of the integrated circuits in the FM sound 
channel of intercarrier television receivers and in the if amplifier- 
limiter-detector channel of FM radio receivers is at least equal to 
that of conventional circuits in every characteristic, and is superior 
in many of them. In particular, the AM rejection ratio (more 
than 50 dB) of the integrated circuits is so large that it cannot be 
measured with commercial FM-AM signal generators because of 
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Fig. 199 — Total harmonic distortion as a function of dc supply 

voltage. 

incidental phase modulation of the generators. The block diagram 
in Fig. 200 shows the use of the CA3013 or CA3014 amplifier- 
discriminator in the sound channel of an intercarrier television 
receiver. (Details of discriminator transformer shown in Fig. 200 
are given in Fig. 201.) Fig. 202 shows the use of the CA3011 
or CA3012 wide-hand amplifier in the 10.7-MHz if-amplifier 
channel of an FM broadcast receiver. 



Fig. 200 — Block diagram of typical television receiver using CA3013 
or CA3014 integrated-circuit sound if amplifier and detector section. 
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Discriminator-Transformer 
Construction Details 

Coil-form outside diameter = 7/32 inch. 

Slugs: Radio Industries, Inc., Type “E” 

material, or equiv. 

Wire Type: GRIPEZE,* or equiv. 

f Size Turns Ci C2 

MHz AWG# Li^ l2^ pF pF 

1.75 36 44 20 44 820 820 

total 

4.5- 40 18 7 22 560 330 

total 

10.7* 36 18 18 18 100 100 

total 


* Registered Trade Mark, Phelps-Dodge 
Copper Products 
^ Wound bifilar 

^Two sections bifilar wound; bifilar turns 
= 1/2 total turns 


■ At this frequency, TRW Type No. 21685, 
or equiv., may be used for discriminator 
transformer 

• At this frequency, TRW Type No. 21590- 
Rl, or equiv., may be used for dis¬ 
criminator transformer. 


Fig. 201—Details of discriminator transformer shown in Fig. 200. 



Fig. 202 — Block diagram of typical FM receiver using CA3011 or 
CA3012 integrated-circuit wide-band amplifier. 
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